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ABSTRACT 
In this dissertation, the upconversion (UC) phosphor fabricated using a new UC host 
material, ZnO-TiO2 composite, is implemented. The practicable routes namely solid-state 
reaction and powder-solution mixing methods are contemplated for the synthesis of ZnO-TiO2 
composite UC phosphor activated with rare earth elements. This dissertation comprises of six 
chapters that cover essential background of UC phosphors, crucial aspects of three basic 
sensitizer-activator pairs of ions which are normally used for making UC phosphors, and the 
interesting and important results regarding the site preference of rare earth ions in the UC host 
material under the situation that the crystal structure of UC host material is the complex crystal 
matrix and the Rietveld refinement cannot be applied to estimate the substitution position of 
rare earth ions within target host crystal matrix. Initially, a brief and general background of 
phosphors, focusing mainly on fundamental knowledge of UC phosphor, mechanism models 
of the generation of UC luminescence (UCL), and the methods of preparation of UC phosphors 
are given in the first chapter. For the detailed research works, there are two main topics based 
on the synthetic route which can be described as follows.  
Firstly, the pellet form of Ho3+ and Yb3+ co-doped ZnO-TiO2 composite phosphor prepared 
by solid-state reaction method was successfully synthesized at 1200 °C for 4 h. The effect of 
synthesis parameters like UCL characteristics, ZnO/TiO2 mixing ratios, and Ho3+ and Yb3+ 
concentrations were studied in detail. The most efficient product, ZnO:TiO2 = 1:1 (in mole) 
doped with 0.05 mol% Ho3+ and 9 mol% Yb3+, exhibited the green emission under a 980-nm 
laser excitation. The UC mechanism of this UC phosphor system was also suggested and 
discussed in detail based on the pump power dependent studies. 
Secondly, the powder form of ZnO-TiO2 composite phosphors containing different pairs of 
rare earth ions (Er3+/Yb3+, Ho3+/Yb3+, and Tm3+/Yb3+) prepared by a new synthetic method, 
namely powder-solution mixing method, was successfully carried out. In this research, the 
effect of firing temperature, ZnO/TiO2 mixing ratio, and dopant concentration ranges on 
structural and UCL properties under a 980-nm laser excitation was investigated. The simple 
chemical formula equations, for explaining the site preference of rare earth ions in host crystal 
matrix, were generated by considering the target host crystal structure, its crystal properties, 
and the effect of dopants to its crystal matrix. Under optimum firing temperature (1300 °C) and 
fixed firing time (1 h), the most effective product of these three systems was ZnO:TiO2 = 1:1 
iii 
 
(in mole) doped with 3 mol% Er3+ and 9 mol% Yb3+ emitting bright red emission, ZnO:TiO2 = 
1:1 (in mole) doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ exhibiting bright green emission, 
and ZnO:TiO2 = 1:1 (in mole) doped with 0.125 mol% Tm3+ and 15 mol% Yb3+ emitting nearly 
pure NIR emission. The dependence of UC emission intensity on the excitation power was 
studied, and the UC mechanism was proposed and discussed in detail. Additionally, the 
comparison of UC emission intensity of the phosphor prepared by different synthetic methods 
was also investigated. 
In conclusion, it is believed that ZnO-TiO2 composite phosphors containing Er3+/Yb3+, 
Ho3+/Yb3+, and Tm3+/Yb3+ pairs of ions have the potential to be an effective UC phosphor not 
only because of the good properties of target host material but also the emission color and 
emission intensity observed. In addition, the new preparation method, powder-solution mixing, 
provides the homogeneous phase of the product which gives rise to the higher regularity of the 
distribution of UC emission intensity than the product synthesized by solid-state reaction 
method. Hence, this method might be one of the appropriate techniques for the fabrication of 
efficient UC phosphors. 
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Chapter I  
 
 
Introduction 
 
1.1 General introduction 
The development of new strategies in the fabrication of optical materials including the 
enhancement in their properties for both physical and chemical has dramatically expanded in 
recent years, especially in the field of upconversion (UC) luminescence material (or called UC 
phosphor) [1-3]. UC phosphors have become one of the most investigated forms of luminescent 
materials because of the potential uses in the field of biomedical sciences [3-5]. Apart from the 
biomedical applications, they have also been used in many fields of research, for example 
display technologies, renewable technologies, and photocatalysis due to its unique properties 
like high color purity, sharp emission bandwidths, high photochemical stability, and long 
emission lifetimes [5-7]. Theoretically, upconversion luminescence (UCL) can be simply 
described as the light conversion which converts near infrared (NIR) light into visible (VIS) or 
ultraviolet (UV) light. In consequent of the absorption of at least two photons, a higher energy 
photon is emitted [8]. Since the UCL was discovered in the 1960s until nowadays, trivalent rare 
earth (RE3+) ions are employed as UCL center because of their energy levels structure. The 
luminescence emission from RE3+ ions mainly occurs due to its particular 4f transitions, giving 
rise to sharp emissions and narrow emission bands [9-11].  
The fundamental structure of UC phosphors consists of a host material and RE3+ dopants. 
Typically, the emission emitted by UC phosphors is in the term of sensitized luminescence 
because there are two working types of RE3+ dopants added into the host material. One is 
employed as luminescent center which emits the radiation and is called an “activator”, and the 
other one harvests the excited energy efficiently and then transfers that energy to the activator 
and is called a “sensitizer”. Therefore, the well-organized UCL can be fundamentally observed 
in RE3+ activator-sensitizer combination-based UC phosphor [1]. For the activator, Er3+, Ho3+, 
and Tm3+ are the most extensively used due to their plentiful electronic energy levels to adapt 
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UCL [11-14]. Also, these ions are the main activator for fabricating red, green, and blue 
emitting UC phosphors. Additionally, by the combination of these activator ions (at least two 
ions e.g. Er3+/Tm3+), suitable sensitizer ion (e.g. Yb3+), stable inorganic crystal, and eventually 
tuning dopants concentration ratio, the UC phosphor can provide a variety of UCL colors 
including white emission [15]. 
Among many efficient UC phosphors, fluoride-based UC phosphors have received much 
attention because, in general, fluorides demonstrate high chemical stability and low phonon 
energy around 350 cm-1 (low phonon energy is the considerable criteria for selecting UC host 
material) [16]. However, their applications are still limited due to their hygroscopic and 
instability. In comparison, oxide-based materials demonstrate higher chemical and thermal 
stability, but their drawback is phonon energy (~ 550 cm-1) which is relatively high when 
compared to fluorides [17]. Taking into account potential applications as priority, appropriate 
oxides with low or intermediate phonon energy may have more promising applications than 
using fluorides as UC host material. 
Nowadays, many new applications and technologies require a variety of properties of material 
which traditional materials have limited applicability. Composite materials, which comprise of 
the combination of two phases or more with different physical or chemical properties, have 
gained much attention in recent years because this type of material is typically light weight, 
flexible, high corrosion resistance, and impact strength. Because of these properties, composite 
materials have been considered as a replacement of classical materials used in aerospace 
industry, construction, and electrical and electronics [18]. With the prominent points of oxide-
based material and composite material, the combination of ZnO and TiO2 as composite material 
is one of the appropriate choices because each composition demonstrates the properties which 
are required in many technologies and applications like low-cost, non-toxic, environmental 
benign, high photosensitivity, high physical and chemical stability, and easy synthesis [19-22]. 
Additionally, ZnO-TiO2 mixed oxide has been much studied for applying in various 
applications such as photocatalysis [23], fabrication of dowconversion phosphor [24], and 
optical temperature sensing [25].  
In the ZnO-TiO2 composite system, it has been reported that three main compounds exist, 
consisting of spinel-type Zn2TiO4 (cubic), Ilmenite-type ZnTiO3 (hexagonal), and Zn2Ti3O8 
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(cubic, low temperature form of ZnTiO3). The existence of each compound depends on 
ZnO/TiO2 mixing ratio and firing temperature used. Among these compounds, the noteworthy 
product is Zn2TiO4 that is a high thermal stability phase due to its inverse spinel structure.  
Besides, Zn2TiO4 is a steady phase (from room temperature to its melting point (1550 °C [26])) 
and easily formed by the reaction between ZnO and TiO2, even if the system has low amount 
of ZnO [27]. In addition, Zn2TiO4 shows great potential for being the good optical host because 
it has high value of refractive index n = 2.1 [28] and low phonon energy around 721 cm-1 [29], 
which control part of energy losses in the electron toward phonon energy transfer and other 
non-radiative processes [30]. Therefore, Zn2TiO4 phase could be one of the candidate hosts for 
the fabrication of efficient UC phosphor.  
Up to now, UCL from ZnO-TiO2 composite phosphors has been rarely studied and has just been 
the topic of investigations in the last few years [31-36]. In addition, a series of reports regarding 
UCL from ZnO-TiO2 composite phosphor shows only certain results in green and red emission 
bands which are observed from Er3+/Yb3+ co-doped ZnO-TiO2 composite prepared by solid-
state reaction and metal-organic decomposition methods. Due to the lack of research about other 
basic dopant systems like Ho3+/Yb3+ and Tm3+/Yb3+, ZnO-TiO2 composite phosphor containing 
these dopants should be examined. Focusing on the preparation method, conventional solid-
state reaction method can provide the product in two forms; powder and pellet, but it is well-
known that the pellet form shows better luminescence properties because the bulk density of 
raw product, which depends on how intimately individual particles pack together, is higher 
which this characteristic directly affects the formation process of phosphor and its luminescence 
efficiency. Basically, the formation process of the products prepared by this method is diffusion 
process which the main problem is the diffusion limited. This problem leads to incomplete 
reaction, some loss of reactants, and compositionally inhomogeneous products [16]. In the field 
of UC phosphor, these will cause the irregularity of the distribution of UCL intensity. For metal-
organic decomposition, the product is in the form of thin films and there are many criteria 
needed to be controlled, for example deposition rate, film uniformity, quality of film, and type 
of substrate, leading to a much wider variation in performance of UC phosphor thin films before 
obtaining the excellent one [37,38]. Thus, this method is not appropriate to explore the 
properties and performance of new fabricated materials. With these reasons, plenty of 
challenges regarding the preparation method of ZnO-TiO2 composite UC phosphor are required 
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to find out the method that can produce UC phosphor with homogenous phase and high 
regularity of the distribution of UCL intensity for both powder and pellet forms. 
According to all existed reports regarding UCL properties of ZnO-TiO2 composite phosphors, 
the fundamental parameters like effect of firing temperature, ZnO/TiO2 mixing ratio, RE3+ ion 
doping concentrations and their ratios on the crystal phase, and UCL properties were 
investigated [31-36]. However, the obvious result about the potential site preference of RE3+ 
ions in host crystal matrix has not been reported so far because ZnO-TiO2 composite doped 
with RE elements shows the complex products in the form of multiphase coexistence (Zn2TiO4, 
TiO2, and RE2Ti2O7) and its XRD results show many overlapping peaks in which some peaks 
are nebulous and hard to define the phase of such peak position, causing to uncertain 
investigation on finding out actual position of RE3+ ions in host crystal matrix. Commonly, 
Rietveld refinement, which is the most widely used and acceptable technique for the 
characterization of crystalline materials, is often used to identify the potential site preference of 
dopant in the host crystal matrix, but all observed characteristics mentioned above are in 
accordance with the limitation of Rietveld refinement. Therefore, Rietveld analysis cannot be 
used to demonstrate the value of cell parameter or even to identify site preference of dopants in 
host crystal matrix of ZnO-TiO2 composite UC phosphor system. For this reason, when 
Rietveld analysis cannot be applied, the indirect analysis method to predict the site preference 
of dopant in host crystal matrix should be inspected because this result is one of the important 
outcomes that might be used to develop the properties of this UC phosphor system or even other 
phosphors. To find out the most possible indirect method, the consideration on luminescence 
spectra together with lattice constant, lattice volume, and crystal structure of target host material 
is the easiest way to predict the site preference of dopants in host crystal matrix of this UC 
phosphor system.  
Regarding the details and the strategies to solve the problems mentioned above, the basic 
knowledge about UC phosphor is crucial in order to understand them clearly. Therefore, a brief 
and general background of phosphors, focusing mainly on fundamental knowledge of UC 
phosphor, mechanism models of the generation of UCL, and the methods of preparation of UC 
phosphors including supportive information and ideas for the present work are given in the 
following sections. 
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1.2 Luminescence and phosphors terminology 
Basic concept of luminescence and phosphor is started with the familiar word, “Light”. Light 
is a form of energy and can be categorized into two common ways, Incandescence and 
Luminescence. Incandescence is the emission of light by a material that is heated at high enough 
temperature and then begins to glow. This phenomenon occurs because atoms of heated 
material release their thermal vibrations as electromagnetic radiation in the form of light. 
Hence, incandescence is the light that is emitted by heat energy and usually called “hot light” 
[39]. In general, this is the most common type of light in daily life obtained from, for example 
a burning of charcoal during cooking, the brightness of the sun and stars, and the light of 
ordinary light bulbs.      
Luminescence is the light from the source of energy where the substance emits light without 
hotness. The word “luminescence” was first used in 1888 by a German physicist, Eilhardt 
Wiedemann [40]. It comes from the Latin root, “Lumin”, which means “Light”. Educationally, 
luminescence is a study that focuses mainly on the laws of absorption and emission produced 
by matter. In the case of emission called luminescence, it is an emission generated by the 
movement of electrons within the substance from more energetic state to less energetic state 
which may be caused by various processes through the substance such as absorption of photons, 
motion of subatomic particles, and chemical reactions. So, the term “luminescence” is 
frequently used to define a process that gives rise to the light at normal or lower temperatures, 
not resulting from heat [41]. Furthermore, luminescence is an interdisciplinary issue, involving 
in various fields of study, for instance physics, chemistry, biological science, medical science, 
material science, and engineering technology. These lead to many contemporary researches of 
different areas in the field of luminescence, especially the development of organic and inorganic 
luminescent materials. 
Luminescent material is a material that emits light and it can also be called “phosphor”.  
The word “phosphor” was first invented in the early 17th century by an Italian alchemist, 
Vincentinus Casciarolo of Bologona. At that time, he found a glossy crystalline stone which 
was probably barite (BaSO4) at the foot of the volcano. Subsequently, he fired that stone with 
the purpose to change it into a noble metal. Consequently, he did not obtain any metal, but he 
discovered that the sintered stone sent out the red light in the dark after exposure to the sunlight. 
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With present knowledge, his discovery can be expressed as the reaction in which the product 
obtained is barium sulfide (BaS) which is now known as one of the host materials for producing 
luminescent material. Later, the green emitting luminescent material was first discovered in 
1866 by a French chemist, Théodore Sidot, who demonstrated that the green luminescence can 
be emitted by zinc sulfide (ZnS) [30]. In 1907, an English engineer, Henry Joseph Round, 
reported the observation of electroluminescence from a solid-state device. He applied voltage 
across two contacts on a carborundum (also known as silicon carbide (SiC)) crystal and then 
the yellow light appeared at low voltages. Besides, various emission colors could be detected 
when applying higher voltages [42]. His discovery led to the new development of luminescent 
materials. Further, blue emitting luminescent material was first discovered in 1936 by French 
physicist, Georges Destriau, who published a report on the occurrence of green and blue light 
after applying an electrical current through ZnS doped with copper and some chlorine or 
bromine as a charge compensation (ZnS:Cu,(Cl or Br)). He also proved that luminescence could 
not occur by using only ZnS compound, but it required the impurities and specific conditions, 
for example the blue emission from ZnS took place by adding Cu and Cl as impurity and 
controlling the frequency of applied voltage [43,44]. After the discovery of red, green, and blue 
emitting luminescent materials, scientific researches on luminescent materials have been 
developed increasingly due to the interesting in a variety of colors of light that could obtain 
from the combination of different intensities of emission exhibited by these luminescent 
materials. The new emission color acquired by this technique is in the scope of RGB color 
model which contains red (R), green (G), and blue (B) as primary colors.  
Typically, the emission of light involves the characteristics time (τc) which is used to describe 
the duration or decay times of emission, therefore, this is one of the parameters that can be used 
to classify the type of luminescence. Luminescence can be sub-divided into fluorescence and 
phosphorescence by the basis of duration of emission or decay time. The term “fluorescence” 
denotes as an emission of short decay time less than 10-8 seconds (τc < 10-8 s). This emission is 
seen to be happening concurrently with the absorption of radiation and stopping instantaneously 
when the excitation source is discontinued. On the other hand, the term “phosphorescence” 
signifies as an emission of long decay time more than 10-8 seconds (τc > 10-8 s). This emission 
is seen to go on for some time, even if the excitation source has been removed. In addition to 
the clarification of luminescence by the characteristics time, the study on the effect of 
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temperature upon the decay of luminescence is one of the obvious ways to differentiate between 
fluorescence and phosphorescence. The fluorescence is essentially temperature independence, 
whereas the phosphorescence shows strong dependence on temperature [30,45-47]. In case of 
the term “luminescence” which includes fluorescence and phosphorescence, it is described as a 
phenomenon in which electronic states of substance are excited by the external energy source 
and after that, the energy is given off from substance in the form of light at various wavelengths 
[48]. 
1.3 Fundamental of luminescence 
The phenomena of luminescence can be grouped into various categories, depending on the type 
of excitation source. For example, cathodoluminescence (CL) is excited by cathode rays or 
electron beams, thermoluminescence (TL) by the activated thermally after initial irradiation 
such as α, β, γ, UV or X-rays, photoluminescence (PL) by electromagnetic radiation/photon, 
and electroluminescence (EL) by electric influences [47,49]. In this dissertation, only PL will 
be considered and hence the other types of luminescence will not be further discussed. 
In theory, the occurrence of luminescence involves two main processes which are the absorption 
and the release of energy. So, the luminescence mechanism can be described as follows. As 
shown in Figure 1.1 that represents a basic concept of luminescence mechanism, when a 
luminescent material absorbs energy (photon) from the excitation source, electrons from its 
ground state are excited to the excited state, then the relaxation occurs, and some photons may 
release in the form of heat due to the intermolecular lattice vibrations. In this case, heat is the 
main possible outcome from non-radiative transition process. Afterwards, electrons in the lower 
sub-energy level at the same excited state will return to the ground state by the emission of 
radiation through radiative transition process. Taking into account the two types of energy 
transition process, one is the radiative transition that gives rise to the light and would be called 
luminescence, and the other one is non-radiative transition that causes the heat to the molecular 
lattices during the process and it is the main process that affects the decrease in intensity of 
luminescence [16]. In general, productive luminescent materials are directly related to radiative 
transitions which should dominate over non-radiative transitions. Basically, luminescent 
materials emit a variety of colors of light which the color depends upon the energy gap (ΔE) 
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between excited state and ground state. In principle, the energy E in each energy state can be 
calculated using Planck's equation according to equation (1.1). 
E = hʋ = hc / λ                                                                                                                         (1.1) 
where E is the energy of photon (J), h is Planck’s constant (6.63 x 10-34 J.s), c is the speed of 
light (3 x 108 m.s-1), λ is wavelength (m), and ʋ is frequency (s-1 or Hz). Normally, light emission 
that human eyes can detect is called the visible light which consists of wavelengths, ranging 
from around 380-760 nm. Specific wavelengths within the visible light spectrum correspond to 
a specific color and the human eyes can perceive different colors for different wavelengths [30]. 
Considering the relationship between ΔE, λ, and luminescence color detected by the human 
eyes, according to Figure 1.1 and equation (1.1), if ΔE is 2.95 eV which means that the 
corresponding radiation wavelength is approximately 420 nm, the human eyes will detect violet 
color. 
 
 
 
 
 
Figure 1.1. Simplified basic luminescence mechanism based on excitation / emission processes. 
Luminescent material is a solid that changes certain types of energy into electromagnetic 
radiation over and above thermal radiation. Most luminescent materials take the advantages of 
a wide energy gap (ΔE) in their electronic band structure or the presence of defects or impurities 
which plays a significant role as the localized electronic states. The luminescence emission 
exhibited by a luminescent material is regularly in the visible range, but it can also occur in 
ultraviolet (UV) or infrared (IR) regions. In the fields of luminescent material, there are three 
underlying types of this material which consist of phosphor, upconversion phosphor, and long-
persistent phosphor. Herein, only upconversion phosphor will be considered. The following 
section will initially provide general descriptions of phosphor with the emphasis on its 
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mechanisms and characteristics. Subsequently, the upconversion phosphor which is the main 
subject of this dissertation will be discussed in much more detail.  
1.4 Phosphor 
Generally, materials that generate luminescence are called “phosphor”, but in this section, 
phosphor is a luminescent material type. Phosphor is the simplest form and one of the 
luminescent materials that can absorb energy from the incident radiation and then emits photons 
in the form of light after passing through various energy transfer processes. The luminescence 
emission of phosphor falls into the visible range and can become invisible such as UV or IR 
radiation. Theoretically, phosphors are classified into organic and inorganic phosphors. Organic 
phosphors involve specific molecules, while inorganic phosphors involve certain lattice 
structures. Most luminescent materials are inorganic phosphor which consists of an inert 
imperfect host crystal lattice to which some impurity ions called dopant, are intentionally added. 
Typical dopants are transition metals or rare earth elements which are the most common 
optically active impurity. There are two kinds of dopant used in the fabrication of phosphors. 
One is employed as luminescent center which emits the radiation and is called an activator. The 
other one harvests the excited energy efficiently and then transfers that energy to the activator. 
This dopant is called a sensitizer which would be added to phosphors, if the activator cannot be 
excited, for example because of the parity forbidden transitions, which take place when there is 
no change in the parity of one-electron states [30]. 
1.4.1 Fundamental emission and excitation mechanisms of phosphor 
The luminescence of phosphors typically takes place by the absorption of energy at the activator 
site, followed by energy relaxation, and then the energy returns to the ground state by emission 
of photons with energy E. In addition, the energy absorption of phosphors can occur via the 
host lattice or by intentionally doped impurity ions. 
Figure 1.2 represents the schematic of how a phosphor emits the light with direct excitation of 
the activator. The grey circle A is signified as an activator ion which is enclosed by the host 
lattice (white circle). The luminescence process is a release of energy in the form of emission 
and some energy loss in the form of heat due to the internal oscillations of material that normally 
occur through host lattice structure. In the host lattice containing only the activator ion, this ion 
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will be directly excited by the external energy. After the radiation, activator ion will absorb 
energy, then this energy raises electrons from its ground state to an excited state and subsequent 
return to the ground state with the emission of photons 
 
 
 
 
 
Figure 1.2. Schematic diagram of how a phosphor emits light with direct excitation of the 
activator. 
In Figure 1.3, when the activator ion (grey circle A) can absorb small energy or it means weak 
energy absorption, second ion will be added which this ion is generally known as the sensitizer 
ion (grey circle B). Sensitizer ion can absorb more energy and then transfers absorbed energy 
(dark thick arrow) to activator ion for emitting the emission. In addition, sensitizer ion can 
exhibit the emission by itself but most cases, the strong emission usually occur via activator ion 
because of the energy transfer from sensitizer ion to activator ion.  
 
 
 
 
  
  
  
  
  
  
Figure 1.3. Schematic diagram of how a phosphor emits light with indirect excitation of the 
activator. 
A
B
A
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1.4.2 Energy transfer processes in phosphor 
Energy transfer (ET) is a process in which sensitizer and activator ions show physical 
interaction. As shown in Figure 1.4, there are four basic mechanisms involved in ET process 
between sensitizer and activator ions; (1) resonant radiative ET, (2) resonant non-radiative ET, 
(3) phonon-assisted ET, and (4) cross-relaxation.  
In general, an efficient ET process requires a vital spectral overlapping between the emission 
spectrum of sensitizer and the absorption spectrum of activator because the structure of 
emission spectrum of sensitizer will change with activator concentration. This is a very 
significant point of ET process which takes place in a variety of circumstances of phosphors. 
For resonant radiative ET (Figure 1.4(a)), photons emitted by sensitizer ions are absorbed by 
activator ions within a photon travel distance and the sensitized emission lifetime does not 
change with the activator concentration. In contrast to the resonant radiative ET, the resonant 
non-radiative ET (Figure 1.4(b)) occurs without emission of photons and is often accompanied 
by an important decrease in the sensitized emission lifetime against activator concentration 
[50,51].      
By concerning the energy level mismatch (expressed as “ε”) between sensitizer and activator 
ions, some ET occurs with emission or absorption of phonons to compensate the energy level 
mismatch. This mechanism is called phonon-assisted ET (Figure 1.4(c)). Moreover, the ET also 
involves the distance between sensitizer to sensitizer, activator to activator, or sensitizer to 
activator. If the distance of two ions is so close and the excited energy of one ion is in higher 
excited state, the photon which returns to the lower energy level can transfer its energy to 
neighboring ions. This ET is called cross-relaxation and usually refers to the downconversion 
(DC) ET (Figure 1.4(d)). With this DC ET model, DC phosphors have been proposed and 
developed since 1957 as the first type of phosphor [52]. The luminescence mechanism of DC 
phosphors is described as the process, where one photon with a high energy (short wavelength) 
is cut to obtain one or more photons with a lower energy (longer wavelength). Nowadays, the 
DC phosphor is sometimes shortly called as phosphor. In addition, when obtained photons after 
cutting are more than one, this process is also referred and approached to quantum cutting (QC) 
or quantum splitting (QS) in many literatures [53]. 
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Figure 1.4. Schematic diagram of phosphor with different energy transfer (ET) processes 
between sensitizer (S) and activator (A) ions, (a) resonant radiative ET, (b) resonant non-
radiative ET, (c) phonon-assisted ET, and (d) cross-relaxation. Reproduced with permission 
from [50]. Copyright (2005) Springer-Verlag Berlin Heidelberg. 
DC phosphors have been developed and investigated for two decades for their use in solar cell 
applications, for example Pr3+/Yb3+ co-doped Y2Si2O7 [54] or Er3+/Yb3+ co-doped CaMoO4 
[55]. Moreover, DC process is the essential knowledge for making white light emitting diodes 
(WLEDs) which have been gained much attention for substituting incandescent and fluorescent 
light sources, especially general light bulbs and display backlights due to their long lifetime, 
spectral tunability, small footprint, and, most outstandingly, their high performance in changing 
electrical to optical power [56,57]. Taking into account the commercial WLEDs, they are 
phosphor-converted conventional LEDs, consisting of a blue LED (e.g. gallium nitride (GaN)) 
coated by a yellow phosphor (e.g. yttrium aluminum garnet (YAG)). General luminescence 
processes of this material for generating white emission are clarified as follows. When a blue 
LED excited by short wavelength excitation source emits blue emission, a yellow phosphor will 
absorb that blue emission and then down converts to yellow emission (longer wavelength). So, 
the combination of blue emission from blue LED and yellow emission from yellow phosphor 
produces white emission. 
1.5 Upconversion phosphor 
Upconversion (UC) phosphor is a solid luminescent material in which the process involves the 
absorption of two or more photons of low energy with subsequent emission of higher energy 
photons [8]. So, the process of this material is to convert long wavelength radiation into shorter 
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wavelength radiation. Besides, the UC process is remarked as the reversal process of DC 
process. 
1.5.1 Luminescence mechanisms of upconversion phosphor 
UC processes are mainly divided into three classes; excited state absorption (ESA), energy 
transfer upconversion (ETU), and photon avalanche (PA). These processes involve the 
population of a highly-excited state by the sequential absorption of two or more photons by 
metastable long-lived energy states. The history and details of these three UC processes are 
explained as follows. 
In 1959, Bloembergen reported the primary model of UC process that was the ESA which 
involved the two-step absorption in which a single ion absorbed two subsequent photons. He 
presented the behavior of IR photons that could be detected and counted through consecutive 
absorption within the energy levels of a given ion in a solid. This behavior was called “Quantum 
Counter Action” [50,58]. Nowadays, the identical effect can be simply explained as follows. 
According to Figure 1.5(a) which shows the ESA model of UC process, at first, photons 
absorption is started by exciting electrons from the ground state (G) towards an intermediate 
excited state (E1), this step is called ground state absorption (GSA) process. Later, at E1, the 
absorption occurs again, provoking electrons into the higher excited state (E2). This subsequent 
step is called excited state absorption (ESA) process. To provide the efficient ESA process, it 
should be excited by high excitation source such as a high-power laser light to maintain the 
energy lifetime in the intermediate excited state. Thereafter, UC luminescence (UCL) takes 
place through radiative transition from E2 to G [1,8,58]. Besides, it should be noted that the 
process mentioned above only befalls in UC phosphor doped with single ion or it could occur 
in UC phosphors with very low dopant concentration. 
The role of ET in UC processes was not recognized until 1966. The UC process was first 
realized by the reports of Auzel [59,60], and Ovsyankin and Feofilov [61] who reported about 
the UC process by two different neighboring ions and electronic excitations in activated 
crystals, respectively. From that time until now, by concerning two proposed ideas, one more 
UC process has been recognized that the ET of two different neighboring ions could take place 
between them, and the energy should be in the excited state before the beginning of ET steps. 
Subsequently, there are two possible ways of ET from the excited state of first ion to second 
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ion. First, the ET is assumed to take place from first ion in its excited state to second ion in its 
ground state, resulting in the energy in excited state of second ion. Second, under high-power 
excitation source, the energy in the excited state of first ion could be conveyed to the excited 
state of second ion, leading to the energy in upper excited state of second ion. With this second 
ET, it is often called energy transfer upconversion (ETU) process or the APTE effect (French 
acronym for addition de photons par transfert d' energie = English acronym for addition of 
photons by transfer of energy) [30,50,62].  
 
 
 
 
 
 
 
Figure 1.5. Principle energy diagrams of various upconversion (UC) processes for generating 
UC luminescence (UCL). Adapted with permission from [1]. Copyright (2009) The Royal 
Society of Chemistry. 
Figure 1.5(b) represents the energy diagram of UC process through ETU model. This model is 
quite different from ESA model because ESA model takes place within a single ion, while ETU 
model includes two neighboring ions (sensitizer (S) and activator (A)). In the ETU model, each 
ion absorbs a pump photon of the same excitation energy by GSA process, populating energy 
to metastable energy level E1. Subsequently, the energy in E1 of S is transferred to A by two 
ways; ET and ETU, promoting the energy from E1 of A to higher excited state (E2) by ESA 
process, while the excess energy in E1 of S relaxes back to the ground state G. Afterward, UCL 
takes place through radiative transition from E2 to G as well as ESA model. Since ETU model 
consists of two neighboring ions, the most significant point is the average distance between 
them because it has a highly effect to the efficiency of ET. It is worth noting that the distance 
between two neighboring ions relies on the dopant concentration. 
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Back to the history of UC process, in 1979, Chivian et al. [63] discovered a phenomenon of 
photon avalanche (PA) in Pr3+‐based infrared quantum counters. The PA-UC features an 
unusual pump mechanism that requires high pump intensity above the threshold value. 
According to Figure 1.5(c), the process begins with the population of photons form G of A to 
E1 of A by non-resonant weak GSA process (), followed by a resonant ESA process to 
populate the higher excited E2 level (). Subsequently, photons at E2 relax back to E1 (), 
during this transition, a cross-relaxation energy transfer (CR) (also called ion pair-relaxation) 
occurs from the E2 → E1 transition of A to ground state G of S (or expressed as  to ) and 
then photons are populated from G of S to E1 of S. After that, the intermediate energy level E1 
of S is occupied by that photons, resulting in the ET from E1 of S to E1 of A (). Further, E1 
of A is populated again to E2 by ESA process to continuously initiate cross-relaxation, 
producing the looping process or it is called avalanche process. By this looping, the UCL 
increases dramatically and produces strong UCL. 
Considering the UC efficiency of these three UC models. ESA is the least competent UC model. 
The PA model is the most efficient UC model, but the emission response is delayed due to the 
CR processes, containing numerous looping processes with a rise time up to a few seconds, 
weak GSA process, and the high pump power over a certain threshold limit requirement.  
In contrast, ETU model is prompt and pump power independent, and thus has been extensively 
used as a reference model for proposing possible UC mechanism of highly efficient UCL of 
UC phosphors over the past two decades [1,8]. 
Since the 1960s when the research began in this area, it has been well-known that in the 
theoretical understanding of UC mechanism, this process can be explained by considering the 
relationship between UC emission intensity (I) and excitation pump power (P). The intensity I 
is proportional to the n power of P, which can be expressed as follow: 
I ∝ Pn                                                                                                                                      (1.2)   
where n is the number of pump photons per one photon emitted. To obtain the n-value, a plotting 
of log I versus log P yields a straight line with the slope n [8]. Typically, the experimental  
n-value is in the specific range of values and less than the maximum theoretical n-value for 
each possible UC mechanism; two-photon process (1 < n ≤ 2) or three-photon process (2 < n ≤ 
3), because of the saturation effect in the UC emission intensity mainly caused by the 
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competition between linear decay and UC processes for the depletion of the intermediate 
excited states [64,65]. In addition, there are other possibilities which would have impact on the 
reduction of n-value such as the ET process to impurity defects, CR, or other complicated 
processes which can give rise to the depletion of the intermediate excited states of the dopants 
[64-67]. 
Focusing on the competition between linear decay and UC processes, the model for explaining 
this phenomenon was first described by Pollnau et al. [64]. They provided the model based on 
three-level system which is the simplest system in which UCL can be observed. The three-level 
system contains the ground state (G), intermediate excited state (E1), and UCL state (E2), and 
the two-photon process is responsible for this system. Also, they mentioned that, for any UC 
mechanism, even though the two-photon process corresponds to the n-value equal to 
approximately two, but the dependence of UC emission intensity on pump power is also 
expected to decrease in n-value with increasing excitation power. Later, Suyver et al. [65] and 
Agazzi et al. [66] proposed additional processes regarding ETU model which were created 
based on the original model proposed by Pollnau et al. [64]. Their models involve the energy 
migration from sensitizer to sensitizer and subsequent ET from an excited state of sensitizer to 
its neighboring ion (activator). Besides, they provided a significant point that, in the high-power 
regime, any emission band will show a slope of one, irrespective of the number of ET steps 
from the sensitizer to the acceptor ions involved.  
Concentrating on the simplest system of UC mechanism together with the relationship between 
UC emission intensity (I) and pump power (P) (I ∝ Pn), it was predicted that I was proportional 
to P2 (n-value ~ 2) when the linear decay of the E1 was the dominant depletion mechanism, 
while I was proportional to P1 (n-value ~ 1) when the UC process of the E1 was the dominant 
mechanism. Remarkably, these results were proved by presuming that the system was under 
steady-state excitation. In addition, Lei et al. [68] reported steady-state UCL dynamic equations 
of the UC mechanism that were concerned with the two-step ET between neighboring Er3+ and 
Yb3+ and their model was different from the original one [64]. Nevertheless, their result was 
also similar to that deduced in [64] and the aforementioned discussion. Herein, in the easiest 
way to sum up the change in n-value of UC system, it should be referred to the “saturation 
effect” for the perception in detail. According to I ∝ Pn, the plotting of I versus P via log-log 
17 
 
scale yields a straight line with slope n. Fundamentally, the slope n decreases with increasing 
P because the system moves toward the saturation state of UC emission intensity by the 
increment of P. With this concept, at the intermediate excited state, if the linear decay is the 
dominant depletion mechanism, UC emission intensity will be released without the influence 
of saturation effect because the energy is not abundant in the UCL state and the n-value for this 
case should be close to two or equal to two. On the other hand, if the UC process is the dominant 
depletion mechanism, the energy will be numerous in the UCL state, causing to the saturation 
effect in UC emission intensity and the n-value will decrease to around one. Therefore, the 
saturation effect caused by the competition of linear decay and UC processes is the considerable 
reason for the depletion of the intermediate excited state, influencing to the reduction of n-value 
[64,65,69,70]. 
1.5.2 Structure of upconversion phosphor and the selection criteria 
UC phosphors are generally consisted of an inorganic crystalline host and dopants because in 
most cases at room temperature, any luminescence cannot be emitted by using only host 
material. Mostly, dopants are lanthanide elements (also known as rare earth (RE) elements) 
which are commonly in the form of localized luminescent center. Due to the discrete energy 
states of these elements, RE-doped upconverters exhibit superior IR to visible UC performance. 
Hence, UCL can be expected in principle from most RE-doped host crystal materials, but the 
efficient UCL only takes place by using small number of well-designated dopant-host 
combinations. However, the principle procedure for fabricating UC phosphors encompasses 
with two steps: the multiformity of host lattice and the variation of dopants within the host 
lattice structure. Also, varying the host lattice or dopants may cause the different UCL behaviors 
due to the changes in radiative and non-radiative (e.g. multi-phonon relaxation as well as energy 
transfer processes) properties [71]. 
1.5.2.1 Rare earth-based upconverter 
Rare earth (RE) elements are a group of seventeen chemical elements in the periodic table, 
consisting of fifteen lanthanides from La (atomic number 57) to Lu (atomic number 71), of Sc 
(atomic number 21), and of Y (atomic number 39). The electronic configuration of all trivalent 
RE (RE3+) ions in the ground state are shown in Table 1.1. As shown in the table, Sc3+, Y3+, 
La3+, and Lu3+ ions do not have electronic energy for inducing excitation and luminescence 
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processes in or near visible region. On the other hand, other RE3+ ions (Ce3+ to Yb3+) can induce 
the excitation and luminescence processes around visible region because of partially filled 4f 
orbitals, leading to a variety of luminescence properties [72]. 
The RE element is the most desirable option as impurity for the fabrication of UC phosphor due 
to its radiative transitions which essentially befall between 4f electronic energy levels. 
Theoretically, 4f energy levels are placed inside an unfilled inner shell within the cloud of 
electrons and are shielded from the surrounding by the 5s and 5p energy levels. So, 4f levels 
are not much affected by the host material because 4f electrons are protected from electric fields 
by outer 5s2 and 5p6 electrons, leading to the narrow-band excitation and emission lines in the 
spectra of RE ions in crystals. In addition, according to the parity selection rules [73], it should 
be taken into account that electric dipole transitions between 4f levels are strongly forbidden 
due to the same parity of 4f levels [74,75]. However, the parity forbidden rule can be partially 
cracked when RE3+ ion is introduced into the host lattice due to the mixing of opposite parity 
into the wave functions of 4f levels by non-centrosymmetric crystal field with odd parity [76]. 
Because of the forbidden character of 4f-4f transitions, RE3+ ions generally exhibit low molar 
absorption coefficients, causing to small absorption cross-sections, and their excited states are 
long-lived (typically from microseconds (µs) to milliseconds (ms)), resulting in the large 
radiative lifetimes [48,77]. For this reason, RE3+ ions are appropriate for being luminescent 
center in UC phosphors. 
To comprehend the 4f level structure of RE3+ ions with the same standard, Dieke [78] and other 
researchers [79,80] did extensive work to compile the energy level of 4f electrons of RE3+ ions. 
According to Dieke’s publication [78], he presented the first diagram of 4f energy levels of 
RE3+ ions at energy between 0 to 40 x 103 cm-1 by considering optical spectra of individual ions 
incorporated into LaCl3 crystals. In his detailed diagram, the width of energy level bars gives 
the order of magnitude of crystal field splitting which is seen to be very small in comparison to 
the transition metal ions [48]. Since 4f electrons barely interact with the environmental electric 
field, therefore, Dieke’s diagram is applicable to ions in almost any host crystal lattices. 
However, the highest variation of energy levels of this diagram is still limited. Later, in 1989, 
Carnall et al. [79] did the experiment on spectroscopy of RE3+ ions (except Pm3+ and Eu3+) 
doped into single crystal LaF4. Their observed spectra and energy level calculations resulted in 
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the extension of Dieke’s diagram at higher energies around 40 x 103 to 50 x 103 cm-1. Due to 
the lack of information of energy levels of RE3+ ions in vacuum ultraviolet (VUV, λ < 200 nm) 
and there are many 4fn levels (n is number of energy level) which are in this spectral region, 
thus, in 2000, Wegh et al. [80] did the experiment on spectroscopy of various RE3+ ions doped 
into LiYF4 under VUV excitation and they reported new observed energy levels that provided 
an extension of Dieke’s diagram up to 70 x 103 cm-1. However, the interesting UCL is generally 
in the UV to near-infrared (NIR) regions of electromagnetic spectrum, therefore, the original 
Dieke’s diagram at energy levels around 0 to 35 x 103 cm-1 (Figure 1.6) is sufficient and it has 
been widely used to illustrate the possible UC mechanism of RE3+ ions doped into the host 
materials. 
Table 1.1. Electronic configuration of all trivalent rare earth (RE3+) ions in the ground state. 
Adapted with permission from [30]. Copyright (2006) Taylor and Francis Group LLC. 
Atomic 
number Name Ion 4f electron 
21 Scandium Sc3+        
39 Yttrium Y3+        
57 Lanthanum La3+        
58 Cerium Ce3+        
59 Praseodymium Pr3+        
60 Neodymium Nd3+        
61 Promethium Pm3+        
62 Samarium Sm3+        
63 Europium Eu3+        
64 Gadolinium Gd3+        
65 Terbium Tb3+        
66 Dysprosium Dy3+        
67 Holmium Ho3+        
68 Erbium Er3+        
69 Thulium Tm3+        
70 Ytterbium Yb3+        
71 Lutetium Lu3+        
In general, RE-based upconverters involve at least two significant factors: (1) highly steady 
host material as the shield and (2) competent dopant as the luminescent center. Typically, the 
emission emitted by UC phosphors is in the term of sensitized luminescence because there are 
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two working types of RE3+ dopants added into the host material. One is employed as 
luminescent center which emits the radiation and is called an “activator”, and the other one 
harvests the excited energy efficiently and then transfers that energy to the activator and is 
called a “sensitizer”. Therefore, the well-organized UCL can be fundamentally observed in 
RE3+ activator-sensitizer combination-based UC phosphor. Besides, efficient UCL can be 
expected from most RE3+ ions [1].       
 
 
 
 
 
 
 
 
 
 
 
 
  
  
  
  
Figure 1.6. Partial energy level diagram of non-radioactive open shell RE3+ ions according to 
Dieke’s diagram. Downward arrows indicate standard emission levels. Reproduced with 
permission from [81]. Copyright (2011) Elsevier B.V. 
1.5.2.2 Activator 
To generate high performance UCL, the energy difference between excited level and lower-
lying intermediate level (ground level) should be close to the excitation energy to facilitate the 
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photon absorption and ET steps involved in the UC mechanism. Hence, many RE3+ ions are not 
appropriate to work as the activator due to the lack of proper energy level structure. Er3+, Ho3+, 
and Tm3+ are currently the most common activator for the fabrication of UC phosphor due to 
their plentiful electronic energy levels and ladderlike arranged energy levels to adapt UCL [11-
14,71]. Also, these ions are the main activator for producing red, green, and blue emitting UC 
phosphors. In addition, by the combination of these activator ions (at least two e.g. Er3+/Tm3+), 
suitable sensitizer ion (e.g. Yb3+), stable inorganic crystal, and eventually tuning dopants 
concentration ratio, the UC phosphor can provide a variety of UCL colors including white 
emission [15]. In this section, three most widely used activators for UC phosphors based on 
activator-sensitizer combination system will be discussed as follows by concerning only Yb3+-
based co-dopant; Er3+/Yb3+, Ho3+/Yb3+, and Tm3+/Yb3+.   
In the Yb3+ sensitized Er3+ UCL process (Figure 1.7(a)), the Yb3+ is excited from 2F7/2 → 2F5/2 
energy level by the excitation source which corresponds to the absorption band around 980 nm 
(2F7/2 → 2F5/2 transition), and at the same time some energy may relax back to the ground state 
2F7/2 level as radiative or non-radiative transitions. Considering the long lifetime of the excited 
2F5/2 level (typically one millisecond), Yb3+ may well transfer the excitation energy to a 
neighboring Er3+ with higher probability than returning to its ground state [82]. Subsequently, 
Er3+ could be populated to 4I11/2, 4F9/2, 4S3/2, and 4F7/2 levels due to the energy absorption and 
ET from Yb3+. After that, the energy in each energy level of Er3+ may relax back to 2H11/2, 4S3/2 
or 4F9/2 levels in the form of non-radiative transition. The UCL color is customarily assigned to 
following transitions: green emission centered at around 520 and 540 nm by 2H11/2 → 4I15/2 and 
4S3/2 → 4I15/2 transitions of Er3+, respectively, and red emission centered around 660 nm by 4F9/2 
→ 4I15/2 transition of Er3+. 
In the Yb3+ sensitized Tm3+ UCL process (Figure 1.7(b)), under 980-nm irradiation, Yb3+ is 
excited from 2F7/2 → 2F5/2 energy level. The energy in 2F5/2 energy level of Yb3+ is transferred 
to Tm3+ as non-radiative transition to excite it up to the corresponding excited energy level. 
Because of the returning of excited energy to ground state of Tm3+ radiatively, emission bands 
could be centered at around 450, 475, 645, 690, and 800 nm which are attributed to 1D2 → 3H6 
(ultraviolet), 1D2 → 3F4 (violet), 1G4 → 3H6 (blue), 1G4 → 3F4 (red), and 3H4 → 3H6 (NIR) 
transitions of Tm3+, respectively.  
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In the Yb3+ sensitized Ho3+ UCL process (Figure 1.7(c)), by the alike processes as mentioned 
above, Ho3+/Yb3+ co-doped UC phosphors exhibit two main emissions; green and red colors, 
due to the following transitions: green emission centered at around 550 nm due to the 5F4 + 5S2 
→ 5I8 transition of Ho3+, and red emission centered at around 670 nm due to 5F5 → 5I8 transition 
of Ho3+ [1,8,62,83]. 
 
 
 
 
 
  
  
  
Figure 1.7. UC mechanism of phosphors containing (a) Er3+/Yb3+, (b) Tm3+/Yb3+, and  
(c) Ho3+/Yb3+. Adapted with permission from [83], Copyright (2015) American Chemical 
Society. 
Examples of various UCL wavelengths based on these three activator-sensitizer combination 
systems with different host materials, irradiated with the 980-nm continuous waveform laser 
excitation are shown in Table 1.2.    
1.5.2.3 Sensitizer 
In UC phosphors containing single RE3+ ion, there are two main parameters that affect the UC 
process which is the distance between two neighboring activator ions and the absorption cross-
section of such ion. High doping levels lead to the short distance between active ions, bringing 
about the CR ET and subsequently resulting in the quenching of excitation energy. This 
phenomenon is usually called “concentration quenching” which principally causes the 
reduction of luminescence emission intensity. Hence, the concentration of activator ions should 
be strictly kept at relatively low concentration (less than 2 mol%) to avoid the quenching effect 
[1]. However, the most RE3+ activator ions exhibit low absorption cross-section, leading to low 
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pump efficiency, that is why the UC emission intensity of singly doped UC phosphors is 
relatively low. To enhance UCL efficiency, a sensitizer ion that has the absorption cross-section 
relating to the used pump wavelength will be added as second dopant into the host crystal [1,8].  
Table 1.2. Examples of Er3+/Yb3+, Tm3+/Yb3+, and Ho3+/Yb3+ systems co-doped into different 
host materials and their emission and detected wavelengths results. 
Activator/ 
Sensitizer Host material Emission  Detected wavelength (nm) Reference
Er3+/Yb3+ CaSc2O4 Red ~ 380, ~ 405, 500-600, 625-725  84 
 α-NaYF4 Red 510-570, 635-700, 830-860  85 
 GdOF Red 408, 519, 552, 671 86 
 ZnO Red 410, 525, 555, 665 87 
 TiO2 Red 520-570, 640-690 88 
 ZnO-TiO2 Orange 544, 557, 657, 675 31 
Tm3+/Yb3+ α-NaYF4 Blue 440-500, 630-670, 750-850 85 
 GdOF Blue  446, 476, 645, 791 86 
 ZrO2-TiO2 Blue 474, 495, 644, 693 89 
 ZnO Blue 478, 647, 676 90 
 TiO2 Blue 475, 647, 685 91 
Ho3+/Yb3+ β-NaYF4 Green 541, 644, 751 92 
 GdOF Green 535, 660, 750 86 
 ZnNb2O6 Green 546, 662 93 
 ZnO Red 545, 660 94 
 TiO2 Red 540, 650 95 
Remark: 1) Bold numbers presented in Table 1.2 are referred to the highest emission intensity 
peak or the range of detected wavelengths that contains strongest peak. 
2) Detected wavelengths are the wavelength related to the general classification of 
spectral regions (ultraviolet (UV), visible (VIS), and near-infrared (NIR)); ultraviolet 
(UV, 10-380 nm), violet (VIS, 380-450 nm), blue (VIS, 450-495 nm), green (VIS, 
495-570 nm), yellow (VIS, 570-590 nm), orange (VIS, 590-620 nm), red (VIS, 620-
750 nm), and near-infrared (NIR, 750-2500 nm) [96]. 
A sensitizer ion with an adequate absorption cross-section in the NIR region is usually co-doped 
with activator ion to take the advantages of the competent ETU process between sensitizer and 
activator ions. The Yb3+ possesses an extremely simple energy level scheme with only one 
excited state 2F5/2. Also, the absorption cross-section of Yb3+ is located around 980 nm due to 
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the 2F7/2  2F5/2 transition and its absorption band has a larger cross-section than other RE3+ 
ions. Moreover, the 2F7/2  2F5/2 transition of Yb3+ is well resonant with many f-f transitions of 
typical UC RE3+ activator ions (Er3+, Tm3+, and Ho3+), leading to the well-organized ET from 
Yb3+ to these activator ions. 
Up to now, with specific features of energy level diagram of Yb3+, this ion is the most 
particularly suitable for using as sensitizer in UC phosphor systems. However, the concentration 
of sensitizer is also limited because of concentration quenching, but its content is rather higher 
than activator (around 20 mol% in the case of doubly or triply-doped host crystals) [1,8,30]. 
Additionally, it is found that Dy3+ can be used as sensitizer either. In general, Dy3+ has an 
absorption band (6H9/2) around 1300 nm higher than the ground state (6H15/2). So, the excitation 
source for provoking its electrons from its ground state is different from the system containing 
Yb3+ sensitizer ion. For example, in the Er3+/Dy3+ co-doped BaCl2 phosphor [97], Dy3+ is 
excited from 6H15/2  6H9/2 energy level under 1300-nm laser diode irradiation and further 
process can be explained as follows. The absorbed energy can be subsequently transferred to 
the 4S3/2 and 4F9/2 levels of Er3+, and eventually causes two main emission spectra at around 550 
nm (green emission: 4S3/2  4I15/2 transition of Er3+) and 670 nm (red emission: 4F9/2  4I15/2 
transition of Er3+). Another example is Er3+/Dy3+ co-doped YBr3 phosphor [98]. In this system, 
with the identical initial process of 6H15/2  6H9/2 transition of Dy3+, the energy can be 
subsequently transferred to the 4F9/2 level of Er3+ and the dominant observed emission spectrum 
is around 660 nm due to the 4F9/2  4I15/2 transition of Er3+. 
1.5.2.4 Host material  
Selection of suitable host materials is underlying to obtain promising optical properties such as 
high UC efficiency and controllable emission profile. Basically, host materials require close 
lattice counterparts to dopants and have low phonon energy [1]. Some examples of various 
compounds that have been investigated as the UC host material are shown in Table 1.3.  
According to physical characteristics of RE3+ ions that have similar ionic radius and chemical 
properties, their inorganic compounds are ideal UC phosphor because they may emit the 
luminescence by themselves or by merely adding one dopant. In addition, general host materials 
containing alkaline metals ions (Na+ and Li+), alkaline earth ions (Ba2+, Ca2+, and Sr2+) or some 
transition metal ions (Zn2+ and Zr4+) are also the good UC host material due to their ionic radii 
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which are close to that of RE3+ dopants, leading to facile substitution or replacement by RE3+ 
sensitizer and activator ions [1]. For this reason, inorganic compounds containing these ions are 
usually used as UC host material. Additionally, semiconductor materials such as ZnS, ZnO, and 
TiO2 have also been proposed as the UC host material, but there are still debatable on “how 
suitable is this type of materials for being UC host” because, after the incorporation of RE3+ 
ions into these materials, RE3+ ions are mainly located in the outermost layer of the host 
structure due to ionic radii mismatch between ions of host material and dopants, resulting in the 
low number of active ions for generating UCL [142]. Remarkably, RE3+ ions co-doped host 
material system is usually accompanied by the formation of crystal defects such as vacancies 
or interstitial sites to keep the charge neutrality. So, to maintain the host crystal structure, the 
concentration of dopants must be strictly controlled. 
Ideal UC host material should have low lattice phonon energy, which is a requirement to 
decrease non-radiative loss and increase radiative emission. Basically, it seems that heavy 
halides group (chlorides, bromides, and iodides) is the good UC host material since the 
materials in this group exhibit very low phonon energy (less than 300 cm-1), but they have many 
disadvantages such as poor chemical resistance, thermal unsteadiness, and high cost [143]. 
Therefore, this group is difficult to use in practical applications. Then and now, oxide is one of 
the most investigated UC phosphor host materials due to its good properties such as chemical 
stability and intermediate phonon energy (~ 550 cm-1). However, oxide may be not the most 
appropriate UC host material because its phonon energy is relatively high in comparison with 
other low phonon energy materials. In addition, the compounds containing RE elements such 
as RE-oxy-sulfides (e.g. Y2O2S, Gd2O2S, and La2O2S) have been well-known for a long time 
as the outstanding phosphor host material and widely used in some applications such as cathode 
ray tubes, displays, and X-ray luminescent screens. However, this type of compound is limited 
in a wide-range of applications due to the high cost of precursors and time-consuming in the 
production [144]. 
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Table 1.3. Various types of compounds used as UC host material. 
Compound Material Reference 
Oxides Y2O3 99-101 
 Gd2O3 102-104 
 ZrO2 105-107 
 ZnO 87,90,94 
 TiO2 88,91,95,108,109
Fluorides NaYF4 85,92,110-112 
 LiYF4 113-115 
 SrF2, CaF2, BaF2, CdF2 116,117 
 LaF3 118 
Chlorides BaCl2 119 
Oxy-chlorides / bromides BiOCl, BiOBr 120,121 
Oxy-sulfides Gd2O2S 122 
 La2O2S 123 
Garnets Y3Al5O12 (YAG) 124,125 
 Gd3Ga5O12 (GGG) 126,127 
Phosphates YPO4, LaPO4, GdPO4 128 
Oxy-fluorides YOF, Y6O5F8 129 
 GdOF 86 
Others CaSc2O4 84 
 LiNbO3 130-132 
 CaMoO4 133-135 
 BaTiO3 136-138 
 AlON 139 
 YAlO3 140 
 ZnAl2O4, ZnGa2O4, ZnIn2O4 141 
 ZnO-TiO2 (Zn2TiO4) 31-36 
To date, fluoride-based materials are the promising UC host because they show chemical 
stability, very low phonon energy (~ 350 cm-1), and high optical transparency over a wide 
wavelength range. Among a large number of fluoride host materials, the crystalline NaYF4 is 
one of the most efficient host materials for the fabrication of UC phosphor due to its two 
modification forms; a high temperature cubic phase (alpha-NaYF4 (α-NaYF4)) and a low 
temperature hexagonal phase (beta-NaYF4 (β-NaYF4)), which means that NaYF4 host-based 
UC phosphor can provide a variety of physical properties, for example transparent UC phosphor 
and nanosized UC phosphor [1,16]. 
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It is also known that the crystal structure alignment of each host material can significantly 
influence on the optical properties. For example, hexagonal NaYF4 (β-NaYF4) doped with Er3+ 
and Yb3+ bulk materials exhibit about an order of magnitude enhancement of UC efficiency 
relative to their cubic phase counterparts (α-NaYF4) that are higher in the site symmetries of 
RE3+ dopant ions [16,145,146]. This phenomenon could be explained by considering the phase 
dependent optical properties which can be directly attributed to different crystal fields around 
RE3+ ions in matrices of various symmetries. Keeping on symmetry hosts, low symmetry hosts 
typically exert a crystal field containing more uneven components around dopant ions compared 
to high symmetry counterparts. In theory, when an ion occupies a crystalline site, there are 
uneven components of the crystal field. These uneven components enhance the electronic 
coupling between 4f energy levels and higher electronic configurations, and subsequently 
increase f-f transition probabilities of dopant ions. This is the reason why β-NaYF4 (low 
symmetry host) shows better enhancement of UC efficiency in comparison to α-NaYF4 (higher 
symmetry host). In addition, the decrease in cation size (or unit cell volume) of the host can 
cause an increase in the crystal field strength around dopants, leading to the improvement of 
UC efficiency. For instance, the bulk material of NaYF4 (ionic radius of Y3+ = 0.090 nm,  
6-fold) containing Er3+ and Yb3+ shows an UCL two times stronger than Er3+/Yb3+ co-doped 
NaLaF4 (ionic radius of La3+ = 0.103 nm, 6-fold) [1,48,147]. 
Nowadays, many new applications and technologies require a variety of properties of material 
which traditional materials have limited applicability. Composite materials, which consist of 
the combination of two phases or more with different physical or chemical properties, have 
attracted much attention in recent years because this type of material is typically light weight, 
flexible, high corrosion resistance, and impact strength. Because of these properties, composite 
materials have been considered as a replacement of classical materials used in aerospace 
industry, construction, and electrical and electronics [18]. In the field of UC phosphor, the 
composite material is one of the promising candidates for using as UC host material because it 
is a multifunctional/hybrid material which has a lot of benefits to improve optical properties 
and performance of UC phosphor. For example, single-phase nanocrystal UC phosphors may 
not meet the requirement of high-sensitivity and high-resolution of luminescence temperature 
sensors, but the composite material, ZnO-CaTiO3:Er3+/Yb3+, which was reported by Tiwari  
et al. [148] can meet the selection criteria of temperature sensors. Additionally, not only the 
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direct way to use composite material as UC host for the fabrication of UC phosphor, but also 
the indirect way like the single-phase UC phosphor coated with composite material also 
increases the performance of UC phosphor and improves optical properties. For instance, Shan 
et al. [149] reported the synthesis and characterizations of NaYF4:Er3+/Yb3+@SiO2/Dye nano-
composite for dual-modality NIR imaging and photo-thermal therapy. Their results showed that 
optical properties were found to enhance for nano-composite material (NaYF4:Er3+/Yb3+@SiO2 
/Dye) compared to the single-phase material (NaYF4:Er3+/Yb3+). In this dissertation, the ZnO-
TiO2 composite is selected and proposed as a new UC host material for the potential use in the 
fabrication of UC phosphor. This composite material is chosen due to many reasons which will 
be explained and discussed below.  
The ZnO-TiO2 composite system obviously consists of two most widely used oxides, zinc oxide 
(ZnO) and titanium dioxide (TiO2). ZnO is a very attractive material and important 
semiconductor, having a wide band gap (3.37 eV at room temperature) and large excitonic 
binding energy of 60 milli-electron volt (meV) [150,151]. Also, ZnO is one of the most versatile 
and useful oxides because of its advantages such as high mechanical stability, high thermal 
conductivity, direct band gap, high electron mobility (~ 100 cm2V-1s-1), high electrochemical 
stability, transparency in the visible range, non-toxicity, abundance in nature, bio-safety, and 
bio-compatibility [19,20,152]. Thus, ZnO is a multifunctional material which has been used in 
many applications, for example photocatalytic, sensors (e.g. gas sensor, chemical and biological 
sensors), pigment in paint, UC phosphors (as previously presented in Table 1.2 and 1.3) and 
can be used in semiconductor devices such as thin film transistors and thin film photovoltaic 
devices [19,150]. Additionally, Jayanti et al. [153] reported that doped ZnO or ZnO mixed with 
other oxides exhibit various properties, different types of morphologies, and have many more 
potential applications. In the case of TiO2, it is one of the most extensively used metal oxides 
in the past several decades and has also received much attention from many researchers because 
of its excellent properties such as high efficient photoactive ability under UV light because it 
has a wide band gap ~3.0 eV (rutile phase) and ~3.2 eV (anatase phase) at room temperature 
[154], relatively high physical and chemical stability, non-toxicity, inexpensive, safety, 
environmentally benign, and more resistant to photo-corrosion than other commonly studied 
oxides [21,22,155]. For this reason, TiO2 is a very significant material and has been widely 
applied in various fields of applications such as oxide supports, sensors, optoelectronic 
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materials, UC phosphors (as previously shown in Table 1.2 and 1.3), and especially as 
photocatalyst (e.g. used as based material for photocatalytic degradation of organic pollutants 
or decontamination, purification, and deodorization of air and wastewater) [21,22,156]. In 
addition, when TiO2 as support is used to pair with other materials to form the composite, such 
material not only has multifunctional properties, but also apparently enhances some properties 
[157]. Herein, with these properties of both oxides, the combination of ZnO and TiO2 
semiconductors is considered as a new UC host material and the UC phosphor fabricated using 
this host might be one of the efficient low-cost UC phosphors with desirable optical properties. 
ZnO-TiO2 composite is considered as a promising UC host material due to its advantages such 
as low cost, thermal and chemical stability, and environmental friendliness. According to the 
phase diagram of ZnO-TiO2 system (Figure 1.8), it has been reported that three main 
compounds exist in ZnO-TiO2 system; spinel-type Zn2TiO4 (cubic), Ilmenite-type ZnTiO3 
(hexagonal), and Zn2Ti3O8 (cubic, low temperature form of ZnTiO3). The existence of each 
compound depends on ZnO/TiO2 mixing ratio and firing temperature used. Among these 
compounds, the noteworthy product is Zn2TiO4 that is a high thermal stability phase due to its 
inverse spinel structure. Besides, Zn2TiO4 is a steady phase (from room temperature to its 
melting point (1550 °C [26])) and easily formed by the reaction between ZnO and TiO2, even 
if the system has low amount of ZnO. 
Focusing on Zn2TiO4 phase, it has a faced-centered cubic (FCC) unit cell belonging to space 
group Fd-3m with a = 0.84608 nm [158] and the atomic arrangement in its crystal structure 
become more ordered at high temperature by the incorporation of TiO2 [159]. The Zn2TiO4 has 
an inverse spinel structure (AB2O4), where Zn atoms occupy all A-sites (tetrahedral site) and 
the half of B-sites (octahedral site), and Ti atoms occupy the half of B-sites. The A-site is 
generally occupied by a larger cation and B-site is occupied by a smaller cation. The crystal 
structure of inverse spinel Zn2TiO4 phase is shown in Figure 1.9 which is created by VESTA 
(open-source software) [160]. 
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Figure 1.8. Phase diagram of ZnO-TiO2 system. The inset shows alternative incongruent 
melting of Zn2TiO4. Reproduced with permission from [27]. Copyright (1964) The American 
Ceramic Society, Inc. 
 
 
 
 
 
 
 
 
 
 
Figure 1.9. The crystal structure of inverse spinel Zn2TiO4 phase. Reproduced with permission 
from [161]. Copyright (2017) Elsevier Ltd and Techna Group S.r.l. 
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As reported by Kim et al. [159], in the system in which Ti4+ may remain and due to the bigger 
size of Zn atoms which has the tendency to occupy tetrahedral sites, therefore, surplus Ti4+ with 
the smaller size should occupy octahedral sites. Since extra Ti4+ occupy octahedral site, the 
vacant Zn site (VZn'' ) must appear in tetrahedral site to keep the charge balance [158,159,162]. 
Based on this feasibility of the appearance of VZn(tet)''  the incorporation of surplus Ti4+ into the 
Zn2TiO4 matrix can be manifested by equation (1.3).  
2TiO2 ൫in ZnሺtetሻሺZnTiሻሺoctሻTiO4൯ → VZn(tet)'' 	+ TiZn(oct)	∙∙ + TiTi(oct)	+	4Oox                                (1.3) 
According to the properties of ZnO-TiO2 composite and its products especially Zn2TiO4 phase, 
many researches on ZnO-TiO2 composite have been conducted and studied for applying in 
various applications such as nanofiber photocathode [163] and photocatalysis [164]. In 
addition, Zn2TiO4 shows great potential for being the good optical host because it has high 
value of refractive index n = 2.1 [28] and low phonon energy around 721 cm-1 [29], which 
control part of energy losses in the electron toward phonon energy transfer and other non-
radiative processes [30]. Therefore, Zn2TiO4 phase could be one of the candidate hosts for UCL 
applications. Up to now, a series of reports regarding UCL from ZnO-TiO2 composite 
phosphors showed only certain results in green and red emission bands which were observed 
from Er3+/Yb3+ co-doped ZnO-TiO2 composite prepared by various preparation methods. These 
reports are reviewed and summarized in Table 1.4. 
Table 1.4. A review of all published reports concerning ZnO-TiO2 composite as UC host 
material (as of May 2018, excluding the reports presented by this study). 
Host material Dopant Preparation method Emission Reference 
ZnO-TiO2 Er3+/Yb3+ Solid-state reaction Orange 
Red 
31  
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  Metal-organic decomposition Orange 
Green/Red 
33-35 
36 
1.6 Methods of preparation of upconversion phosphor 
A variety of methods to synthesize UC phosphors has emerged due to the challenge for 
obtaining the efficient products with great physical and chemical properties such as 
monodispersed particles with a narrow size-distribution, uniform shape, phase-purity, and high 
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aqueous solubility. Various chemical techniques including solid-state reaction method, 
coprecipitation, thermal decomposition, hydrothermal analysis, sol-gel method, and 
combustion synthesis, have been employed for fabricating the UC phosphor. Each method has 
its own advantages and disadvantages which will be shortly summarized in Table 1.5 [1,165]. 
Even though there are many methods provided by many researchers, but most methods use 
organic solvent as the medium in the synthesis which it is compulsory to use additional methods 
for taking it out. Therefore, the surface modification is required for improving photo-stability 
and rendering the product to be water-soluble for applying the product to various advanced 
applications such as biological applications [165]. Methods used for surface modification will 
not be explicated in this dissertation because two main methods presented in this study provide 
ethanol and deionized water as the medium in the synthesis which they can be eliminated by 
sintering at high temperature. In this part, the most widely used fundamental methods for 
preparing general UC phosphors, consisting of solid-state reaction method, combustion 
synthesis, and sol-gel processing will be explained and discussed in detail.  
Table 1.5. A review of some common synthetic methods for the preparation of UC phosphors. 
A brief description of each process is provided along with the advantages and disadvantages, 
including the examples of UC phosphor host used in each technique.   
Method Brief description 
Arrested 
precipitation 
Process Poorly soluble compounds precipitated within a 
template under controlled atmosphere. 
 Advantages 
 
Simple and fast reaction. Time and cost effective. 
High temperature or pressure are not required. 
 Disadvantages 
 
Requires control of particle shape and size. 
Post-annealing and calcination step required, 
resulting in the aggregation of particles. 
 Examples (Hosts) LaPO4 [166], Y2O3 [167], LuPO4 and YbPO4 [168]
Coprecipitation Process Soluble compounds are collected from the solution 
during the formation of precipitates under 
controlled atmosphere. 
 Advantages 
 
Simple synthetic procedure. Fast reaction. There is 
no need for costly equipment and stringent reaction 
conditions.  
            Continued…
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Method Brief description 
Coprecipitation Disadvantages 
 
Post-annealing and calcination step required, 
resulting in the aggregation of particles. 
 Examples (Hosts) LaF3 [169], NaYF4 [170] 
Flame synthesis Process Reactants are gas-phase material which is released 
through the flame source. The crystalline product 
is formed by controlling amount of heat energy. 
 Advantages 
 
High-purity product. Time and cost saving. Readily 
scalable. 
 Disadvantages 
 
Problems about synthesizing multi-component 
materials. The aggregation of particles is observed. 
 Examples (Hosts) Y2O3 [171], La2O3 and Ga2O3 [172] 
Hydro(solvo) 
thermal synthesis 
Process The solvent which is used to facilitate the 
interaction between precursors during the synthesis 
is utilized under moderate to high pressures and 
temperature above its critical point to increase the 
solubility of precursors and to speed up the reaction 
between precursors. (If water is used as solvent, the 
method is called “Hydrothermal synthesis”.)    
 Advantages 
 
Cheap raw materials. No post-heat treatment. 
Highly crystalline phases are produced at much 
lower temperatures compared to other methods. 
Excellent control over particle size and shape. 
 Disadvantages 
 
Specialized reaction vessels such as autoclaves 
required. 
 Examples (Hosts) NaYF4 [173], LaF3 [174]  
Microwave  
assisted synthesis 
Process Heating reaction mixtures by microwave radiation 
at frequency range around 0.3-300 GHz. 
 Advantages 
 
Energy consumption saving. Increased reaction 
rate. High degree of reproducibility. 
 Disadvantages 
 
Specialized microwave source required. The 
solvent choice is limited because some solvents 
may be effectively heated by microwave radiation. 
 Examples (Hosts) NaYF4 [175,176], LiYF4 [175] 
Continued…
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Method Brief description 
Micro-emulsion  
or reverse 
micelle method 
Process An isotropic liquid mixture containing oil, water, 
and surfactant forms as micro-emulsion and then it 
is controlled until aqueous phase is encapsulated by 
surfactant (micelles method). Further, the organic 
solvent which acts as nanoscale reactor is used to 
de-capsulate for obtaining the product (reverse 
micelle method).  
 Advantages 
 
Homogenous monodisperse products. High degree 
of reproducibility. Control over particle size and 
morphology of produced materials. 
 Disadvantages 
 
Limited production capacity because the product 
relies on the amount of aqueous phase that can be 
solubilized, the encapsulation process, and 
precursor concentrations. Post treatment required. 
 Examples (Hosts) Y2O3 and Gd2O3 [177], YVO4 [178] 
Thermal 
decomposition 
Process Decomposition of a substance at the temperature in 
which its chemical bonds is broken. 
 Advantages 
 
Excellent control over particle size. High quality 
monodisperse products. Relatively short reaction 
time. 
 Disadvantages 
 
Expensive. Air-sensitive metal precursors. Toxic 
volatile by-products. Requires the system to be 
continually purged with an inert gas. 
 Examples (Hosts) NaYF4 [85], LaF3 [174] 
1.6.1 Solid-state reaction method 
In general, this is the most extensively used method for synthesizing almost all phosphors. 
Theoretically, the solid-state reaction method provides a large range of selection of raw 
materials (solid form) such as oxides and oxy-sulfides. Since solids do not react with another 
solid at room temperature, therefore, this method is started by the reaction between starting 
solid materials at high temperature which the reaction takes place at appreciable rate (typically, 
starting materials are mixed at temperature that is more than two-thirds of the melting point of 
lowest melting reactant. Hence, considerable aspects that are responsible for this method are 
thermodynamic and kinetic factors. The fabrication process of UC phosphors via this method 
can be explained as follows. Firstly, high purity starting solid materials of host material, 
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sensitizer, and activator are mixed to obtain homogenous mixture by using solvent. 
Subsequently, there are different processes to produce the product that could be in the form of 
powder or molded materials (e.g. pellet). For example, in the case of pellet form, the raw 
mixture should be dried at room temperature or in drying oven at low temperature (< 100 °C) 
to evaporate the solvent. Further, the dried mixture is passed to the molding process (e.g. 
pelletization) and then fired at high temperature in a container to get the final product. For the 
powder form, with the identical drying process, the dried mixture can be fired at high 
temperature in a container immediately and the final product will be obtained after grounding 
by coarse crushing machine such as crusher, ball mill, or vibration mill. Considering the used 
solvent especially organic solvent, phosphors prepared by solid-state reaction method do not 
show the presence of any residual organic solvent due to the high firing temperature used 
eliminating all remaining organic solvent components. 
Concentrating on reaction processes between a host material and dopant compositions 
(sensitizer and activator ions), there are two feasible reactions in phosphors synthesized by this 
method. One is the incorporation of dopants into the completely synthesized host material. 
Second is when a host material is forming, dopants incorporate simultaneously into the forming 
host. The simple schematic synthetic process of UC phosphors by solid-state reaction method 
is shown in Figure 1.10. In most cases, the first mechanism is usually preferable for UC 
phosphors. For instance, in the preparation of ZnO-TiO2: Er3+/Yb3+ [31], ZnO powder, TiO2 
powder, Er2O3, and Yb2O3 were mixed together and blended by ethanol to get homogeneous 
mixture. Subsequently, the mixture was dried at room temperature and followed by making as 
the pellet. Then, this molded material was fired at optimum temperature 1200 °C for 4 h. During 
the firing process, Zn2TiO4 crystal was formed, and Er3+ and Yb3+ were incorporated into the 
formed host crystal matrix by substituting one of the host lattice cations. In the case of second 
possibility, there is one example that is clearly observed about this phenomenon which is 
detected by analyzing manganese (Mn) activated Zn2SiO4 phosphor. According to the Takagi’s 
report [179], this phosphor was prepared by three staring materials, ZnO, SiO2, and MnCO3 
powders, and the second behavior mentioned above regarding the formation of phosphors was 
detected by differential thermal analysis (DTA). This analyzed result showed that the raw 
material, ZnO and SiO2, initially reacted at 770 °C where the reaction proceeded by the 
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diffusion of ZnO into the SiO2 lattice. Subsequently, Mn ions incorporated into the forming 
lattice concurrently in proportion to the amount of synthesized Zn2SiO4. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.10. Schematic synthetic process of UC phosphors by solid-state reaction method. 
Considering the strong point and drawback of solid-state reaction method, this method is simple 
to accomplish, raw materials are readily available at low cost, and the reaction is clean because 
there are no any toxic chemical elements involved. Hence, this method is an eco-friendly 
method because toxic products or undesirable by-products are not produced. Additionally, the 
product is in the solid form with high thermodynamic stability and structurally pure due to the 
high firing temperature used. For the disadvantage, due to the high operating temperature, this 
method could be an expensive method, even if raw materials are readily available at low cost. 
In theory, the formation of the products prepared by this method is diffusion limited, leading to 
incomplete reaction, some loss of reactants, and compositionally inhomogeneous products [16]. 
Also, the agglomeration of particles is observed due to high firing temperature used and if the 
powder form is the final target product, this method requires the crushing machine to separate 
the agglomerated particles. Because of the agglomeration of particles, the final product will be 
in the form of polycrystalline structure, thus, large single crystals are not obtained by this 
For firing process, this mixture should be 
fired at temperature that is > 2/3 of the 
melting point of lowest melting reactant) 
    Passing the mixture to firing process 
    or machining the mixture  
    (e.g. pelletization) before firing 
Drying at low temperature (< 100 °C)  
Mixing by using solvent (e.g. ethanol) 
Starting solid materials  
(host material and dopant compositions) 
Raw mixture
Dried raw mixture
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method, and desired microstructure is not achieved either. It should be noted that the average 
particle size of UC phosphors prepared by this method is larger than 5 μm. Nowadays, the solid-
state reaction method is still widely used for preparing various UC phosphors such as ZnO-
TiO2: Er3+/Yb3+ [31], Gd2O3: Er3+/Yb3+ [180], and Ba3Lu4O9: Er3+/Yb3+ [181]. 
1.6.2 Combustion synthesis 
Combustion synthesis is a rapid technique for producing UC phosphors through the controlled 
incineration. Products prepared by this method are normally chemically homogeneous, have 
less impurities, and have higher surface areas compared to solid-state reaction method. In 
general, this method is one of the liquid phase synthesis methods which means that main 
components (host material and dopant compositions) can be precisely controlled and mixed to 
acquire the homogeneous mixture. However, this method involves the burning of reactant 
solutions, thus, such solutions not only contain host material and dopants but also include a fuel 
for completing the mechanism in the initial stage. For this reason, starting materials of this 
method are usually salts (e.g. dissolved metal nitrates or acetates for both host material and 
dopants) as oxidant and a fuel (e.g. urea, glycine, and ethylene glycol) as reductant.  
The formation process of the products prepared by this method is explained as follows. Firstly, 
all oxidants are mixed using deionized water and followed by the addition of proper amount of 
fuel. Further, this mixture is stirred and heated at low temperature (< 100 °C) to free the water 
until the solution changes to viscous sol. In this step, bubbles and heat occur because of the 
exothermic redox reaction between oxidants and fuel. After that, the viscous sol is inserted into 
the furnace for pre-heating at around 300-500 °C and the combustion reaction between oxidants 
and fuel takes place energetically and gives rise to some gaseous by-products such as CO2 and 
N2. When the combustion is complete, and the sample is cooled down to room temperature, the 
resultant sample is crushed and then fired at high temperature (> 800 °C) depending on various 
conditions planned, and the reaction time is usually less than 10 minutes. The simple schematic 
synthetic process of UC phosphors by combustion synthesis is shown in Figure 1.11. 
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Figure 1.11. Schematic synthetic process of UC phosphors by combustion synthesis. 
Taking into account the strong point and drawback of combustion synthesis, this method is very 
rapid synthesis, cost effective, and low energy cost because it requires low firing temperature 
to start the reaction and high temperature with short reaction time to obtain the final product. 
Besides, due to the short reaction time used at high temperature, the nanosized product can be 
obtained. In the case of disadvantage, the particle shape, size, and purity are difficult to control, 
and the product fired at high temperature is usually transformed to rigid agglomerates which 
are not easily separated. Nowadays, the combustion synthesis is still extensively used for 
preparing various UC phosphors such as Gd2O3: Er3+/Yb3+ [180], CaZr4O9: Er3+/Yb3+ [182], 
and LaAlO3: Er3+/Yb3+ [183].  
1.6.3 Sol-gel processing 
Sol-gel processing is a solution-based chemical process which is widely used in the production 
of oxides and fluorides nanoparticles. Also, this method is a considerable based process for 
various methods of preparation of UC thin film materials, for example ZnO-TiO2: Er3+/Yb3+ 
prepared by metal-organic decomposition (MOD) [33-36] and YF3: Er3+/Yb3+ prepared by 
pulsed liquid injection metal-organic chemical vapor deposition (PLI-MOCVD) [184]. For the 
basic process of sol-gel processing, it begins with a liquid solution of metal alkoxide precursors 
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that forms a sol phase via hydrolysis when it is mixed with deionized water or alcohol under 
acidic condition (the reaction rate is faster than basic condition), showing the colloidal of solid 
particles suspended in liquid and giving rise to by-products in the form of hydroxide 
compounds. During the process, dopants are also added and mixed together. Further, 
agglomerates of all precursor particles are formed by the gelation process, creating a larger 
macromolecule network which is called gel phase. Subsequently, the gel is fired at low 
temperature around 500-800 °C to evaporate the water and remove organics (thermal treatment 
process), resulting in the organic-free mixture in powder form. After that, this powder is fired 
at appropriate temperature to get final product. The simple schematic synthetic process of UC 
phosphors by sol-gel processing is shown in Figure 1.12. 
To clearly understand the complex precursors of this method, starting materials and mixing 
processes of a UC phosphor prepared via this method will be provided as follows. According 
to a report of Vega et al. [185], BaTiO3: Er3+/Yb3+ phosphor was synthesized using tetrabutyl 
titanate (TBT), barium acetate, erbium nitrate, ytterbium nitrate, acetic acid, acetylacetone, and 
deionized water. At first, barium acetate was mixed with acetic acid at suitable stoichiometric 
ratio and then this solution was added drop-wise to the solution of TBT diluted by 
acetylacetone. Subsequently, this liquid mixture was heated at 50 °C for 2 h under continuous 
stirring to form titania sol. Later, erbium nitrate and ytterbium nitrate were added to titania sol 
and heated at 100 °C for 24 h to form gel phase and powder of dried barium erbium-ytterbium 
titanate, respectively. Eventually, the final product was obtained by following steps, the dried 
powder was grounded in an agate mortar, placed in a combustion boat, and fired at 1000 °C for 
2 h in a muffle furnace. 
Considering the advantage and disadvantage of sol-gel processing in comparison to solid-state 
reaction method and combustion synthesis, this method produces the product with better 
physical and chemical properties than those two methods, for example the homogenous particle 
growth, having small particle size (particularly nanosized particles), and high uniformity of 
dopants distribution in the host material. Additionally, it is also very easy to handle and set up, 
cost effective, and effortless control processing over the stoichiometry of resultant product. 
Therefore, this method has been using broadly in the UC phosphor research. However, some 
drawbacks of this method also exist, for instance little control over particle size and shape, the 
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treatment process (high temperature annealing or calcination) required due to the use of organic 
reagents which may cause the product contamination (e.g. carbon), and by using high 
temperature, undesirable properties of the product may occur (e.g. particle aggregation). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.12. Schematic synthetic process of UC phosphors by sol-gel processing. 
According to the ZnO-TiO2 composite as a host material for UC phosphor, there are only six 
reports involved and in two of them, ZnO-TiO2 UC phosphor is prepared by solid-state reaction 
method [31,32]. As discussed in these two reports, the authors suggest that ZnO-TiO2 composite 
is a potential material for being the UC host. However, the existed reports demonstrate only the 
UCL properties of Er3+/Yb3+ co-doped ZnO-TiO2 composite. Therefore, the initial stage of this 
dissertation will provide the following research regarding ZnO-TiO2 composite doped with 
Ho3+ and Yb3+ prepared by the solid-state reaction method to confirm the possibility of using 
ZnO-TiO2 composite not only as UC host but also its performance when it is doped by other 
dopants. Later, by considering the disadvantages of solid-state reaction method such as 
diffusion limited, incomplete reaction, some loss of reactants, and compositionally 
inhomogeneous products, including taking into account pros and cons of combustion synthesis 
and sol-gel processing, the new and easy preparation method, namely powder-solution mixing 
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method, has been designed and proposed to increase the strong points of the product and 
overcome the drawbacks of these three most widely used preparation methods. This method 
contains both solid phase and liquid phase of inorganic reactants as precursor and deionized 
water as solvent to produce the compositionally homogeneous products without any 
contamination that may come from organic precursors and solvents. This new synthetic method 
will be explained in detail in the experimental section of Chapter III. 
1.7 Applications of upconversion phosphor 
Over the past decade, the research on UC phosphors has made gigantic progresses in many 
applications such as solar cells [16,186-189], displays [16,189,190], and photocatalysis 
[16,189,191]. However, most interesting applications of UC phosphors are in the field of 
biomedical such as imaging, sensing, and cancer therapy, because of their outstanding merits, 
for example multi-color emission capability under single-wavelength excitation, high signal to 
noise ratio, low cytotoxicity, and high chemical- and photo- stability [83]. Hence, in this part, 
two most popular types of biomedical technology, in vivo detection and in vivo imaging, 
including some examples of the UC phosphor used in these applications will be discussed as 
follows. 
In the in vivo detection applications, UC phosphors have been used as luminescent reporter in 
a variety of in vivo assays including immunoassays, bio-affinity assays, and DNA hybridization 
assays, which offers dramatically enhanced signal-to-noise ratio and thus improved detection 
limits compared to conventional reporters [1,83]. For example, Hampl et al. [192] reported a 
detection limit of 10 picogram human chorionic gonadotropin in a 100-microliter (µL) sample 
by using submicron-sized Y2O2S:Yb/Er particles in immunochromatographic assays. 
Simultaneous detection of multiple analyses using multicolor UC nanocrystals was 
demonstrated by Niedbala et al. [193]. In a lateral flow based competitive inhibition assay, a 
selection of drugs containing low concentrations of amphetamine, methamphetamine, 
phencyclidine (PCP), and opiates was detected in a single multiplexed assay strip. To achieve 
the multiplexed detection, antibodies for PCP and amphetamine were conjugated to green-
emitting particles, while methamphetamine and morphine were conjugated to blue-emitting 
particles. Similarly, Ukonaho et al. [194] demonstrated a detection limit of 0.53 ng/L free 
prostate-specific antigens by using Y2O2S:Yb/Er particles in two-site immunoassay. 
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For the in vivo imaging, the non-toxic UC phosphor is a very promising material for bio-
imaging applications. In principle, UC phosphors generally contain less toxic elements. With 
their photo-stable luminescence and minimized background auto-luminescence by NIR 
excitation, UC phosphors show great potential as alternatives to organic fluorophores and 
quantum dots for in vivo bio-imaging [1,83]. For example, an intriguing recent development 
was demonstrated by Chatterjee et al. [195] for in vivo imaging in anesthetized Wistar rats by 
using 50-nm NaYF4:Yb/Er nanoparticles. These rats were injected with the nanoparticles under 
the skin in the groin and upper leg regions. Using a combination of simple optical techniques 
and a 980-nm NIR laser, these UC nanoparticles can be detected up to 10 mm beneath the skin, 
far deeper than depths managed using conventional equipment based on quantum dots. This 
method holds the promise of providing a new technique for imaging tissue structures at different 
depths and for performing minimally invasive detection. 
1.8 Research objective 
The research described in the present work is based on the determination of introducing and 
developing novel UC phosphors, highlighting the fabrication of new efficient UC phosphors 
with good physical and optical properties from low-cost precursors, proposing a new and easy 
synthetic route which is able to increase the strong points of the product, and overcome the 
drawbacks of conventional preparation methods like solid-state reaction, and targeting to 
produce the homogeneous phase of UC phosphors because this characteristic can give rise to 
the high regularity of the distribution of UCL intensity. In this study, the ZnO-TiO2 composite 
is selected as a UC host material due to the reasons mentioned earlier and one of the obvious 
reasons is that there are a few reports on the systematic study of the ZnO-TiO2 composite UC 
phosphor. The detailed objectives of this study are: 
1. To explore the scope of phosphors, especially UC phosphor. 
2. To propose the use of ZnO-TiO2 composite as a new host material for the fabrication of UC 
phosphor. 
3. To explore a novel simple preparation method for generation of homogenous phase of UC 
phosphor. 
4. To prepare and characterize ZnO-TiO2 composite UC phosphor containing different 
sensitizer-activator pairs of ions. 
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5. To find out the effect of various parameters; firing temperature, ZnO/TiO2 mixing ratio, and 
dopant concentration ranges, on the structural and UCL properties. 
6. To study the UCL characteristics under a 980-nm laser excitation and examine the 
dependent UCL intensity on the change in laser pump power for the suggestion of possible 
UC mechanism. 
7. To investigate the potential site preference of dopants in target UC host crystal matrix. 
8. To synthesize the ZnO-TiO2 composite UC phosphor by solid-state reaction method and a 
new proposed method and compare its UCL characteristics to find out the suitable method 
of preparation that provides the product with high regularity of the distribution of UCL 
intensity. 
1.9 Dissertation outline 
This dissertation is divided into six chapters. First chapter provides general introduction and 
basic theories involved in research background and research objective. 
In Chapter II, ZnO-TiO2 composite doped with Ho3+ and Yb3+ is examined by preparing via 
solid-state reaction method to confirm the possibility of using ZnO-TiO2 composite not only as 
UC host material but also its performance when it is doped by other dopants. Effects of 
ZnO/TiO2 mixing ratio, Ho3+ and Yb3+ doping concentrations, and their ratios on the crystal 
phase and UCL properties are methodically investigated. To understand the UC mechanism of 
Ho3+/Yb3+ co-doped ZnO-TiO2 composite prepared by solid-state reaction method, the 
dependence of UC emission intensity on different excitation powers is calculated and discussed 
in detail. Also, the UC mechanism that might be responsible for this system is proposed and 
described based on pumping power dependence of UC emission intensity. 
In Chapter III, ZnO-TiO2 composite doped with Er3+ and Yb3+ is studied by the new simple 
method, namely powder-solution mixing method, to produce the UC phosphor with 
homogeneous phase in the form of powder. At first, raw materials and raw mixtures are 
analyzed by TG-DTA measurement to demonstrate the thermal process. Subsequently, the 
effects of firing temperature, ZnO/TiO2 mixing ratio, Er3+ and Yb3+ doping concentrations and 
their ratios on the crystal phase, crystal morphology, and UCL properties are systematically 
investigated. Further, the XRF analysis is performed to confirm the actual mixing ratio of the 
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final products. Later, the study on the analysis of possible site preference of Er3+ and Yb3+ in 
the host crystal matrix is explained and discussed in detail. In addition, the simple chemical 
formula equations of Er3+ and Yb3+ site preferences are developed for the rendition of the 
experimental results. Also, the UC mechanism that might be responsible for this system is 
proposed and designated based on pumping power dependence of UC emission intensity. 
Eventually, the comparison between ZnO-TiO2: Er3+/Yb3+ prepared by solid-state reaction and 
powder-solution mixing methods is studied and the results are discussed in detail. 
In Chapter IV, the following research, ZnO-TiO2 composite doped with Ho3+ and Yb3+ prepared 
by powder-solution mixing method is investigated. Holmium (III) nitrate pentahydrate and raw 
mixtures are analyzed by TG-DTA measurement to demonstrate the thermal process. The 
effects of firing temperature, ZnO/TiO2 mixing ratio, Ho3+ and Yb3+ doping concentrations and 
their ratios on the crystal phase, crystal morphology, and UCL properties are methodically 
examined. XRF analysis is performed to confirm the actual mixing ratio of the final products. 
The study on the analysis of possible site preference of Ho3+ and Yb3+ in the host crystal matrix 
is described and discussed in detail. Additionally, the simple chemical formula equations of 
Ho3+ and Yb3+ site preferences are proposed for the interpretation of the experimental results. 
The UC mechanism that might be accountable for this system is proposed and designated based 
on pumping power dependence of UC emission intensity. Finally, the comparison between 
ZnO-TiO2: Ho3+/Yb3+ prepared by solid-state reaction and powder-solution mixing methods is 
considered and the results are discussed in detail. 
In Chapter V, the following research, ZnO-TiO2 composite doped with Tm3+ and Yb3+ prepared 
by powder-solution mixing method is considered. The effects of ZnO/TiO2 mixing ratio, Tm3+ 
and Yb3+ doping concentrations and their ratios on the crystal phase, crystal morphology, and 
UCL properties are methodically examined. The study on the analysis of possible site 
preference of Tm3+ and Yb3+ in the host crystal matrix is interpreted and discussed in detail. 
Additionally, the simple chemical formula equations of Tm3+ and Yb3+ site preferences are 
proposed for the rendition of the experimental results. Lastly, the comparison of ZnO-TiO2 
composite UC phosphors prepared by various methods is summarized and discussed in detail. 
The summary of all significant results and recommendations for future work are given in the 
final chapter (Chapter VI). 
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Chapter II  
 
 
Synthesis and upconversion luminescence properties  
of ZnO-TiO2 containing Ho3+ and Yb3+ 
 
2.1 Introduction 
Photon upconversion (UC) involves the absorption of two or more photons of low energy with 
subsequent emission of higher energy photon. Due to the discrete energy states of rare earth 
(RE) ions, RE doped upconverters exhibit superior infrared to visible UC performance [1,2]. 
Since its discovery in the 1960s, RE-based UC phosphors have been researched by many 
researchers for the advancement in new applications and technologies such as in the fabrication 
of electronic and optical communication devices (e.g. displays and lasers) [3-5], ultraviolet C 
(UVC) light emitting antimicrobial surface [6], and medical diagnostic [7]. 
There are two working types of RE ions doped into UC phosphors. One is employed as the 
luminescent center which emits the radiation and is called an activator, and the other ion 
harvests the excited energy efficiently and then transfers that energy to the activator and is 
called a sensitizer. For the activator, Er3+, Ho3+, and Tm3+ are the most widely used due to their 
plentiful electronic energy levels to adapt UC luminescence (UCL) [4,8-10]. Also, these ions 
are the main activator for fabricating red, green, and blue emitting UC phosphors. In addition, 
by the combination of these activator ions (at least two e.g. Er3+/Tm3+), suitable sensitizer ion 
(e.g. Yb3+), stable inorganic crystal, and eventually tuning dopants concentration ratio, the UC 
phosphor can provide a variety of UCL colors including white emission [11]. 
Trivalent ytterbium (Yb3+) ion is generally a co-dopant because it has large absorption cross-
section around 980 nm [12]. The Yb3+ plays a significant role to pump excited photons, transfers 
the energy to adjacent activator ions through multiple photon processes into the excited state 
productively [13,14]. The holmium (Ho3+) ion as an activator is a good candidate dopant to 
generate short wavelength luminescence, green light (495-550 nm) and red light (620-750 nm) 
[15,16]. With these possible emission colors, Ho3+/Yb3+ co-doped host materials have been 
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investigated by many researchers for employing in various applications such as full-color range 
display [17], biomedical [18], and optical temperature sensing [19]. 
Host material is also important for the fabrication of UC phosphor. Theoretically, the most 
significant point for selecting the efficient UC host material to obtain high performance UCL 
is phonon energy. It is well established that UC host material should have low phonon energy 
because phonons (related to lattice vibrations) provide non-radiative decay ways to suppress 
radiative emission, leading to low UCL intensity [17]. Even though some host materials such 
as halides and sulfides exhibit low phonon energy, but they have many disadvantages such as 
poor chemical resistance, thermal unsteadiness, and high cost, therefore, difficult to use in 
practical applications [17,20-22]. So far, the most investigated UC host materials are oxides 
and fluorides because they show low phonon energy and high chemical stability [23,24]. 
Nowadays, many new applications and technologies require a variety of properties of material 
which traditional materials have limited applicability. Composite materials, which consist of 
the combination of two phases or more with different physical and chemical properties, have 
attracted much attention in recent years because this type of material is typically light weight, 
flexible, high corrosion resistance, and impact strength. Because of these properties, composite 
materials have been considered as a replacement of classical materials used in aerospace 
industry, construction, and electrical and electronics [25]. The ZnO-TiO2 composite is 
considered as a promising UC host material due to its good properties such as low cost, thermal 
and chemical stability, and environmental friendliness [17]. Additionally, the noteworthy 
product of ZnO-TiO2 composite is Zn2TiO4 phase that is a high thermal stability phase due to 
its inverse spinel structure. With these properties, many researches regarding ZnO-TiO2 
composite have been conducted and studied for applying in various applications such as 
nanofiber photocathode [26] and photocatalysis [27]. In addition, Zn2TiO4 shows great potential 
for being the good optical host because it has high value of refractive index n = 2.1 [28] and 
low phonon energy around 721 cm-1 [29]. 
Recently, strong UCL and color tenability in ZnO-TiO2 composite doped with Er3+ and Yb3+ 
prepared by solid-state reaction method was reported [30]. As discussed in this report, ZnO-
TiO2 as host material in the form of Zn2TiO4 is suitable for using in the field of UC phosphor 
when the system consists of mixed phases of Zn2TiO4, TiO2, and RE2Ti2O7 (RE = Er3+ and/or 
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Yb3+). Besides, excess Ti4+ in the system affect vacancies generation, leading to higher 
solubility of RE3+ ion into host material. In this chapter, the following research, ZnO-TiO2 
composite doped with Ho3+ and Yb3+ was examined by preparing via solid-state reaction 
method to confirm the possibility of using ZnO-TiO2 composite not only as UC host material 
but also its performance when it was doped by other dopants. Effects of ZnO/TiO2 mixing ratio, 
Ho3+ and Yb3+ doping concentrations, and their ratios on the crystal phase and UCL properties 
were methodically investigated. To understand the UC mechanism of Ho3+/Yb3+ co-doped 
ZnO-TiO2 composite prepared by solid-state reaction method, the dependence of UC emission 
intensity on different excitation powers was calculated and discussed in detail. Also, the UC 
mechanism that might be responsible for this system was proposed and described based on 
pumping power dependence of UC emission intensity. 
2.2 Experimental 
 
ZnO-TiO2 composite doped with Ho3+ and Yb3+ was prepared by solid-state reaction method 
using zinc oxide (ZnO; Aldrich, AR purity), titanium dioxide (TiO2; Aldrich, AR purity), 
holmium oxide (Ho2O3; Aldrich, 99.99+%), and ytterbium oxide (Yb2O3; Aldrich, 99.99+%). 
All raw powders were thoroughly mixed together by mortar and pestle using ethanol. Various 
ZnO-TiO2 composite samples with different ZnO/TiO2 mixing ratios were made by changing 
ZnO moles, while keeping constant TiO2 (1 mole). ZnO/TiO2 mixing ratios changed from 0.5-
2 and named as ZxT1. Ho3+ and Yb3+ concentrations varied from 0.005-2 and 3-12 mol% based 
on TiO2 content, respectively. The mixed powder was molded to the pellet (Φ 13 mm x 3 mm) 
by two axial press and fired in an air atmosphere at 1200 °C for 4 h. Then, the resultant pellets 
were finely grounded in vibration mill before characterization and UCL analysis. The complete 
preparation scheme is shown in Figure 2.1. 
The crystalline phase of the products was carried out using X-ray diffraction (XRD),  
a Shimadzu XRD-6300 instrument with CuKα radiation in the range of 2θ = 10-80°. To explain 
the crystallization process, the relative phase content by pseudo-quantitative analysis of  
a specific phase was estimated from the XRD results by using equation (2.1): 
Relative phase content = I(phase) / I(total)                                                                                 (2.1)
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0.5 to 2  
mol 
0.005 to 2
 mol% 
3 to 12 
 mol% 
where I(phase) is the intensity of selected peak from a main peak position that consists of only 
one phase; I(311) for Zn2TiO4, I(110) for TiO2, I(004) for RE2Ti2O7, and I(102) for RE2TiO5; and I(total) 
is the intensity summation of all selected peaks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Flow chart for the preparation of ZnO-TiO2:Ho3+/Yb3+ phosphor by solid-state 
reaction method. 
The UC emission behavior excited by a 980-nm continuous waveform laser was recorded from 
250-800 nm spectral range using USB 4000 UV-VIS-NIR miniature fiber optic spectrometer 
(Ocean optics), having spectral resolution 1.34 nm (full width at half maximum, FWHM) and 
slit width 25 μm. The change in the maximum UC emission intensity on the laser power (0-200 
mW) was used for considering the UC mechanism. All samples were measured at room 
temperature. 
2.3 Results and discussion 
 
XRD patterns of the ZxT1 samples with different x-values are shown in Figure 2.2. In the case 
of the lowest amount of ZnO (x = 0.5), Zn2TiO4 (JCPDS: 25-1164), rutile TiO2 (JCPDS: 21-
1276), RE2Ti2O7 (Ho2Ti2O7, JCPDS: 23-0283 and/or Yb2Ti2O7, JCPDS: 17-0454) and RE2TiO5 
(Ho2TiO5 and/or Yb2TiO5) phases were observed [31]. 
Mixing using ethanol for 30 min 
Firing at 1200 °C (300 °C/h) for 4 h 
Static pressure, 100 kg/cm2, 3 min 
Density 0.8 g/cm3 
Air dried for 12 h 
1 mol 
ZnO  
Final product 
Characterization 
ZnO-TiO2-Ho2O3-Yb2O3 mixture
Pellet (Φ 13 mm x 3 mm)
TiO2 Ho2O3 Yb2O3 
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Figure 2.2. XRD patterns of various ZnO/TiO2 mixing ratios doped with 0.05 mol% Ho3+and 
9 mol% Yb3+. Reproduced with permission from Kobwittaya et al., J. Ceram. Soc. Jpn., 125 
(2017) 559-564. Copyright (2017) The Ceramic Society of Japan. (License: CC BY-ND 4.0) 
According to the phase diagram of ZnO-TiO2 system [32], Zn2TiO4 is a stable phase and easily 
formed by the reaction between ZnO and TiO2, even if the system has lower amount of ZnO 
than ZnO/TiO2 = 2. The effect of ZnO/TiO2 mixing ratio on relative phase content of the 
products is shown in Figure 2.3. With the increase of ZnO amount up to x = 1.25, Zn2TiO4 
content increased and at the same time, TiO2, RE2Ti2O7, and RE2TiO5 contents gradually 
decreased. Subsequently, at x = 1.25, TiO2 phase disappeared. And, at above x = 1.25, Zn2TiO4 
phase remained unchanged and was still the dominant phase. RE2Ti2O7 content primarily 
increased, but RE2TiO5 phase disappeared when increasing ZnO amount above x = 1.25. These 
phase changes can be explained as follows. Zn2TiO4 phase is formed by the reaction between 2 
moles of ZnO and 1 mole of TiO2. Therefore, as increasing ZnO amount from 0.5-2 
(stoichiometric composition of Zn2TiO4 phase (2ZnO:1TiO2)), Zn2TiO4 content increases 
absolutely. Further, remaining TiO2 reacts with RE2O3 and then RE2Ti2O7 and RE2TiO5 phases 
are formed owing to the negative formation energy of RE2Ti2O7 (-3.8 eV) and RE2TiO5 (-3.79 
eV) phases compared to Zn2TiO4 phase (-2.88 eV) [33]. These reactions are competitive ones. 
In general, RE3+ ions can get into the host crystal matrix (resulting in the varying in RE2O3 
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content), therefore, for the changes in RE2Ti2O7 and RE2TiO5 contents for all conditions of ZnO 
concentration, the amount of RE3+ ions in Zn2TiO4 crystal including the content of Zn2TiO4 
phase may directly cause these behaviors.   
 
 
 
 
 
 
 
 
 
  
  
  
  
  
  
  
Figure 2.3. Calculated relative phase contents of Zn2TiO4, TiO2, RE2Ti2O7, and RE2TiO5 
phases according to the compositions in Figure 2.2. Reproduced with permission from 
Kobwittaya et al., J. Ceram. Soc. Jpn., 125 (2017) 559-564. Copyright (2017) The Ceramic 
Society of Japan. (License: CC BY-ND 4.0) 
UCL spectra of various ZnO/TiO2 mixing ratios doped with 0.05 mol% Ho3+ and 9 mol% Yb3+ 
are shown in Figure 2.4. These emission spectra consisted of two strong emission bands, a green 
emission band from 537-557 nm (maximum at 542 nm) and a red emission band from 639-675 
nm (maximum at 670 nm). Corresponding emission photographs are shown in Figure 2.5. These 
photographs showed that UCL color changed from green to reddish with increasing ZnO 
amount. 
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Figure 2.4. UC emission spectra of various ZnO/TiO2 mixing ratios doped with 0.05 mol% 
Ho3+ and 9 mol% Yb3+, and irradiated with a 980-nm 125 mW laser. Adapted with permission 
from Kobwittaya et al., J. Ceram. Soc. Jpn., 125 (2017) 559-564. Copyright (2017) The 
Ceramic Society of Japan. (License: CC BY-ND 4.0) 
The luminescence emission color of the samples; Z0.5T1, Z0.75T1, Z1T1, and Z1.25T1, was 
green because the emission intensity of green emission band was equal or higher than red 
emission band. Further, the emission color of the samples; Z1.5T1 and Z2T1, became reddish 
because the emission intensity of red emission band was higher than green emission band. The 
central area of the samples; Z0.5T1, Z0.75T1, Z1T1, and Z1.25T1, seems to be white, which 
this observed emission is typically caused by the strong emission. In general, the emission 
occurs by the incorporation of RE3+ ions into the host material at high temperature. As discussed 
by Luitel et al. in ZnO-TiO2 composite doped with Er3+ and Yb3+ [30], Zn2TiO4 has an AB2O4 
type inverse spinel structure, where Zn atoms occupy all A-sites (tetrahedral), and B-sites 
(octahedral) are occupied by randomly arranged Zn and Ti atoms. For this occupant behavior, 
Zn2+ site is 4-fold (ionic radius = 0.060 nm) and 6-fold (ionic radius = 0.074 nm), and Ti4+ site 
is 6-fold (ionic radius = 0.061 nm). In addition, when the system has excess Ti4+ which have 
tendency to occupy octahedral site, vacancies are created (presumably in tetrahedral sites) to 
compensate the charge. Therefore, Ho3+ (ionic radius = 0.090 nm, 6-fold) and Yb3+ (ionic radius 
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= 0.087 nm, 6-fold) should get into tetrahedral vacancy site in Zn2TiO4 crystal more easily than 
direct occupying Zn2+ and Ti4+ because ionic radii of RE3+ ions are much larger than Zn2+ and 
Ti4+, including the valence mismatch of these three ions. 
 
 
 
 
 
  
  
  
  
  
Figure 2.5. UC emission color of various ZnO/TiO2 mixing ratios doped with 0.05 mol% Ho3+ 
and 9 mol% Yb3+, and irradiated with a 980-nm 125 mW laser. Adapted with permission from 
Kobwittaya et al., J. Ceram. Soc. Jpn., 125 (2017) 559-564. Copyright (2017) The Ceramic 
Society of Japan. (License: CC BY-ND 4.0) 
The maximum emission intensity (at 542 nm) of various ZnO/TiO2 mixing ratios doped with 
0.05 mol% Ho3+ and 9 mol% Yb3+ is shown in Figure 2.6. In the case of lower x-value (x < 1), 
the emission intensity increased as the increase of ZnO amount. In the case of x > 1, with 
increasing ZnO amount, the emission intensity decreased. These behaviors can be explained by 
considering relative phase contents of the products as presented in Figure 2.3. When emission 
intensity increased (x = 0.5, 0.75, and 1), there were four phases; Zn2TiO4, TiO2, RE2Ti2O7, and 
RE2TiO5. Further, when emission intensity initially decreased (x = 1.25), there were three 
phases; Zn2TiO4, RE2Ti2O7, and RE2TiO5 without TiO2 phase. At x = 1.5 and 2, the emission 
intensity decreased continuously and there were only two phases; Zn2TiO4 and RE2Ti2O7. 
Therefore, the difference between these three conditions of ZnO amount x is the existence of 
TiO2 phase, whose solubility in Zn2TiO4 may affect the UCL intensity. In addition, by 
considering the effect of ZnO/TiO2 mixing ratio on crystalline phase presented in this study 
(ZnO-TiO2: Ho3+/Yb3+ system) and the study reported by Luitel et al. (ZnO-TiO2:Er3+/Yb3+ 
system) [30], some identical results are observed. For both systems, the brightest UCL on green 
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and red bands is detected at optimum mixing ratio ZnO:TiO2 = 1:1 (in mole) and under the 
situation that the system contains multiple phases of Zn2TiO4, TiO2, and rare earth titanates. 
 
 
 
 
 
 
 
 
  
  
  
  
  
  
  
  
  
  
  
  
Figure 2.6. The green emission intensities at 542 nm versus various ZnO/TiO2 mixing ratios 
doped with 0.05 mol% Ho3+ and 9 mol% Yb3+. Reproduced with permission from Kobwittaya 
et al., J. Ceram. Soc. Jpn., 125 (2017) 559-564. Copyright (2017) The Ceramic Society of 
Japan. (License: CC BY-ND 4.0) 
The green (542 nm) and red (670 nm) emission intensities versus various Ho3+ concentrations 
(keeping 9 mol% Yb3+ concentration) of Z1T1 composite are shown in Figure 2.7. Here too, 
the UCL behavior can be separated into three parts. In the initial part, with the increase of Ho3+ 
concentration from 0.005-0.05 mol%, the emission intensity increased because Ho3+ activator 
concentration in Zn2TiO4 phase increased. In the second part, with increasing Ho3+ 
concentration up to 0.3 mol%, the emission intensity sharply decreased because of 
concentration quenching. In the third part, with Ho3+ concentration more than 0.3 mol%, slow 
and continuous decrease in emission intensity was observed. At higher Ho3+ concentration (0.3-
2 mol%), the emission intensity was very low. This must be due to the saturation of Ho3+ solid 
solution in Zn2TiO4 phase. 
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Figure 2.7. The green (542 nm) and red (670 nm) emission intensities of ZnO:TiO2 = 1:1 (in 
mole) (Z1T1) doped with various mol% Ho3+ and 9 mol% Yb3+. Reproduced with permission 
from Kobwittaya et al., J. Ceram. Soc. Jpn., 125 (2017) 559-564. Copyright (2017) The 
Ceramic Society of Japan. (License: CC BY-ND 4.0) 
Figure 2.8 shows the dependent Yb3+ concentration on the emission intensity of the products, 
while keeping Ho3+ concentration at 0.05 mol%. With the increase of Yb3+ concentration from 
3-9 mol%, the emission intensity increased, reached maximum at 9 mol% Yb3+ doping 
concentration, and then decreased in higher concentration. The increased emission intensity is 
due to the higher concentration of dissolved Yb3+ into the Zn2TiO4 phase, which increases the 
photon absorption and hence the excited Ho3+. The decreased emission intensity at higher Yb3+ 
concentration agrees with concentration quenching. Thus, the optimum Ho3+ and Yb3+ 
concentrations for obtaining the brightest UC emission in this system are 0.05 and 9 mol%, 
respectively. 
As a result of very low optimum Ho3+ concentration, the incorporation of Ho3+ including Yb3+ 
into Zn2TiO4 phase is the significant point which can be simply explained by considering XRD 
patterns of controlled variables based on the best condition for emitting brightest UC emission 
of this system, consisting of undoped Z1T1, 0.05 mol% Ho3+ doped Z1T1, 9 mol% Yb3+ doped 
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Z1T1, and 0.05 mol% Ho3+/9 mol% Yb3+ co-doped Z1T1. As shown in Figure 2.9(a), the result 
showed that when the system consisted of single dopant, RE2Ti2O7 and RE2TiO5 phases 
appeared. Hence, Ho3+ and Yb3+ exist in the form of RE titanate compounds, even if the system 
has very low amount of RE3+ ions. Further, the XRD peaks were found to shift to higher angle 
with increasing RE3+ ion compositions. As shown in Figure 2.9(b), the magnified XRD patterns 
of Figure 2.9(a) around 2θ = 35.2° (main peak position of Zn2TiO4 phase) showed the single 
peak with a shift toward higher angles. The shift in the position of diffraction peak confirms the 
substitution effects and designates a structural modification due to the lattice distortion caused 
by the incorporation of RE3+ ions into Zn2TiO4 crystal lattice. Thus, Ho3+ and Yb3+ also get into 
the lattice of Zn2TiO4 phase. 
 
 
 
 
 
 
 
 
  
  
  
 
Figure 2.8. The green (542 nm) and red (670 nm) emission intensities of ZnO:TiO2 = 1:1 (in 
mole) (Z1T1) doped with 0.05 mol% Ho3+ and various mol% Yb3+. Reproduced with 
permission from Kobwittaya et al., J. Ceram. Soc. Jpn., 125 (2017) 559-564. Copyright (2017) 
The Ceramic Society of Japan. (License: CC BY-ND 4.0) 
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Figure 2.9. (a) XRD patterns of various controlled variables, and (b) the magnified XRD 
patterns of (a) around 2θ = 35.2°. Reproduced with permission from Kobwittaya et al.,  
J. Ceram. Soc. Jpn., 125 (2017) 559-564. Copyright (2017) The Ceramic Society of Japan. 
(License: CC BY-ND 4.0) 
To comprehend the UC mechanism of ZnO-TiO2 composite doped with 0.05 mol% Ho3+ and  
9 mol% Yb3+, the UC emission intensity I was measured as a function of the pump power P.  
In the UC mechanism, I is proportional to the n power of P, I ∝ Pn, where n is the number of 
the pumped photons per the emitted photon [34]. As shown in Figure 2.10, the plotting of log 
(I) versus log (P) yielded a straight line, resulting the n-value of 1.29 and 1.16 (under between 
P = 15-196 mW) for the green and red emissions, respectively. Typically, the experimental  
n-value is in the specific range of values and less than the maximum theoretical n-value for 
each possible UC mechanism; two-photon process (1 < n ≤ 2) or three-photon process (2 < n ≤ 
3), because of the saturation effect in the UC emission intensity mainly caused by the 
competition between linear decay and UC processes for the depletion of the intermediate 
excited states [35]. By this consideration, therefore, the two-photon process is responsible for 
the UC mechanism of this UC phosphor system. Taking into account the obtained n-values, 
they are relatively much lower than two owing to the following reasons. In the UC phosphor 
system, not only the competition between linear decay and UC processes is a main cause of the 
decrease in n-value, but some processes like energy transfer to impurity defects, multi-phonon 
relaxation, and cross-relaxation also influence on the diminution of n-value because these 
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processes result in the lack of energy in the intermediate excited states of Ho3+ and Yb3+ which 
directly affects the change in slope value. 
 
 
 
 
 
 
 
 
  
  
  
  
Figure 2.10. Pump power dependent UC of ZnO:TiO2 = 1:1 (in mole) (Z1T1) doped with 0.05 
mol% Ho3+ and 9 mol% Yb3+. Reproduced with permission from Kobwittaya et al., J. Ceram. 
Soc. Jpn., 125 (2017) 559-564. Copyright (2017) The Ceramic Society of Japan. (License: CC 
BY-ND 4.0) 
Figure 2.11 shows the simplified energy level diagram of Ho3+ and Yb3+, and the possible 
mechanism of energy transfer (ET) under a 980-nm laser excitation. First, Yb3+ is excited from 
2F7/2 → 2F5/2 energy level. Further, Yb3+ transfers its energy to adjacent Ho3+ by three ETs. The 
first ET is 2F5/2 (Yb3+) + 5I8 (Ho3+) → 2F7/2 (Yb3+) + 5I6 (Ho3+) (probably straight to the same 
level as 2F5/2 (Yb3+), named virtual 2F5/2, Dashed line). Subsequently, the non-radiative (NR) 
transition of virtual 2F5/2 → 5I6 takes place and then the second ET is 2F5/2 (Yb3+) + 5I6 (Ho3+) → 
2F7/2 (Yb3+) + 5F4, 5S2 (Ho3+). The green emission centered maximum at 542 nm is observed by 
radiative transition of 5F4, 5S2  5I8. The red emission centered maximum at 670 nm in 
accordance with 5F5  5I8 transition is possibly due to the two possible processes. One is the 
NR transition of Ho3+ related to 5F4, 5S2  5F5 transition. The second is the NR transition of 
Ho3+ related to 5I6  5I7 transition and subsequent process of populating energy to 5F5 energy 
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level by 5I7  5F5 transition. This second possibility is related to the third ET that can be written 
as the ET process in the term of 2F5/2 (Yb3+) + 5I7 (Ho3+)  2F7/2 (Yb3+) + 5F5 (Ho3+). Considering 
the observed n-values and this proposed energy level diagram, it is obvious that the two-photon 
process is liable for the green and red UCL in ZnO-TiO2 composite containing Ho3+ and Yb3+, 
with the contemplation of NR between ETs of each energy level. 
 
 
 
 
 
  
  
  
  
  
Figure 2.11. Energy level diagram illustrating the proposed energy transfers mechanism of 
ZnO-TiO2 composite doped with 0.05 mol% Ho3+ and 9 mol% Yb3+ under a 980-nm laser 
excitation. Reproduced with permission from Kobwittaya et al., J. Ceram. Soc. Jpn., 125 (2017) 
559-564. Copyright (2017) The Ceramic Society of Japan. (License: CC BY-ND 4.0) 
2.4 Conclusion 
 
ZnO-TiO2 composite system containing Ho3+ and Yb3+ was successfully synthesized by solid-
state reaction method. The UC emission intensity centered at 542 and 670 nm wavelengths was 
observed at room temperature. The green and red emission intensities reached a maximum value 
in the sample containing 0.05 mol% Ho3+ and 9 mol% Yb3+. The optimum ZnO/TiO2 mixing 
ratio was ZnO:TiO2 = 1:1 (in mole). Brightest UCL emitted by ZnO-TiO2: Ho3+/Yb3+ phosphor 
occurred when the system consisted of mixed phases; Zn2TiO4, TiO2, RE2Ti2O7, and RE2TiO5 
(RE = Ho3+ and/or Yb3+). In addition, when using solid-state reaction method, it is possible that 
Ho3+ dissolve into Zn2TiO4 matrix more difficult than Er3+ due to the existence of RE2TiO5 
phase that occurs only in Ho3+/Yb3+ system. 
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Chapter III  
 
 
Bright red upconversion luminescence from Er3+ and Yb3+ co-doped  
ZnO-TiO2 composite phosphor powder 
 
3.1 Introduction 
Upconversion luminescence (UCL) can be simply described as the light conversion which 
converts near infrared (NIR) light into visible (VIS) or ultraviolet (UV) light. In consequent of 
the absorption of at least two photons, a higher energy photon is emitted [1]. Since the UCL 
was discovered in the 1960s until nowadays, trivalent rare earth (RE3+) ions are employed as 
UCL center because of their energy levels structure [2-4]. The luminescence emission from 
RE3+ ions mainly occurs due to its particular 4f transitions, leading to sharp emissions and 
narrow emission bands [5,6]. In recent decades, RE3+ ions doped UC phosphors have been 
extensively investigated for the advancement in new applications and technologies such as 
latent fingerprint identification [7], and electronic and optical communication devices [8,9]. 
The RE3+ ions in the host crystal matrix play an important role as the activator and the sensitizer 
for generating UCL. The activator is employed as luminescent center which emits high energy 
light, and the sensitizer is an ion that harvests the excited energy efficiently and then transfers 
that energy to the activator. In general, Er3+, Ho3+, and Tm3+ are the most widely used activator 
due to their plentiful electronic energy levels to adapt UCL [8,10,11], and Yb3+ is generally a 
co-dopant which plays a significant role as sensitizer because it has large absorption cross-
section around 980 nm [12]. According to the energy level and the role of each RE3+ ion, 
Er3+/Yb3+ co-doped host materials have been widely studied because of good energy level 
matching between these two ions, offering the efficient energy transfer from Yb3+ → Er3+ which 
advocates the NIR to visible UC process [1,13]. 
Host material is also significant for generating efficient UCL. In theory, the most considerable 
point for choosing productive UC host materials to obtain high performance UCL is phonon 
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energy. It is well established that the UC host material should have low phonon energy because 
phonons provide non-radiative decay ways to suppress radiative emission, causing to the low 
UCL intensity [13]. Even though some host materials such as halides and fluorides exhibit low 
phonon energy around 300 cm−1 and 350 cm−1, respectively, but the practical applications are 
still limited due to their instability and hygroscopic. In comparison, oxides exhibit higher 
thermal and chemical stability, therefore, suitable oxides with low phonon energy may have 
more promising applications [14].  
Nowadays, many new applications and technologies require a variety of properties of material 
which traditional materials have limited applicability. Composite materials, which consist of 
the combination of two phases or more with different physical and chemical properties, have 
gained much attention, study, and investigation in recent years since this type of material is 
typically light weight, flexible, high corrosion resistance, and impact strength. Because of these 
properties, composite materials have been considered as an alternative material for supplanting 
classical materials used in aerospace industry, construction, and electrical and electronics [15]. 
The ZnO-TiO2 composite is considered as a promising UC host material due to its low cost, 
thermal and chemical stability, and environmental friendliness. Additionally, the noteworthy 
product of ZnO-TiO2 composite is Zn2TiO4 that is a high thermal stability phase due to its 
inverse spinel structure. With these properties, many researches on ZnO-TiO2 composite have 
been conducted and studied for applying in various applications such as nanofiber photocathode 
[16] and photocatalysis [17]. In addition, Zn2TiO4 shows great potential for being the good 
optical host because it has high value of refractive index n = 2.1 [18] and low phonon energy 
around 721 cm−1 [19], which control part of energy losses in the electron toward phonon energy 
transfer and other non-radiative processes [20]. Therefore, Zn2TiO4 phase could be one of the 
candidate hosts for UCL applications. However, now there are a few reports regarding UCL on 
ZnO-TiO2 composite. For example, the intense visible UCL was observed in ZnO-TiO2 
composite doped with Er3+ and Yb3+ prepared by solid-state reaction method [21,22] and metal-
organic decomposition method [23,24]. 
According to the report presented by Luitel et al. [21], ZnO-TiO2: Er3+,Yb3+ prepared by solid-
state reaction method showed bright orange emission and the suitable condition for emitting the 
brightest emission was ZnO:TiO2 = 1:1 (in mole): 2 mol% Er3+, 6 mol% Yb3+ fired at 1200 °C 
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for 4 h and the product consisted of Zn2TiO4, TiO2, and RE2Ti2O7 phases. Theoretically, the 
formation of the product prepared by solid-state reaction method is diffusion limited, leading 
to incomplete reaction, some loss of reactants, and compositionally inhomogeneous products 
[13]. Therefore, in this chapter, ZnO-TiO2 composite doped with Er3+ and Yb3+ was examined 
by the new simple method, namely powder-solution mixing method, to produce the UC 
phosphor with homogeneous phase in the form of powder. The effect of firing temperature, 
ZnO/TiO2 mixing ratio, Er3+ and Yb3+ doping concentrations and their ratios on the crystal 
phase, and UCL properties were systematically investigated. To our best knowledge, ZnO-
TiO2:Er3+,Yb3+ phosphor system shows the complex product in the form of multiphase 
coexistence, causing to uncertain investigation on finding out actual position of RE3+ ions in 
host crystal matrix. So, this is the first study on the analysis of possible site preference of RE3+ 
ions in the host material, when the system contains the final product with multiple phases. This 
analysis was attentively considered by focusing on luminescence spectra together with lattice 
constant, lattice volume, and crystal structure of target host material. In addition, the simple 
chemical formula equations of RE3+ ions site preference are developed for the rendition of the 
experimental results. 
3.2 Experimental 
3.2.1 Sample preparation 
ZnO-TiO2 composite doped with Er3+ and Yb3+ was prepared by powder-solution mixing 
method using zinc oxide powder (ZnO; NanoTek, ~ 34 nm, 99%), titanium dioxide sol solution 
(TiO2; Ishihara Sangyo Kaisha, 39.5 wt%), erbium (III) nitrate pentahydrate (Er(NO3)3·5H2O; 
Aldrich, 99.9%), and ytterbium (III) nitrate pentahydrate (Yb(NO3)3·5H2O; Aldrich, 99.9%). 
All raw materials were completely mixed together by a high-power mixer using deionized 
water. Various ZnO-TiO2 samples with different ZnO/TiO2 mixing ratios were made by 
changing ZnO amounts, while keeping constant TiO2 (1 mole). The ZnO/TiO2 mixing ratio (x) 
varied from x = 0.25-1.75 mole and the sample was named as ZxT1. Er3+ and Yb3+ 
concentrations changed from 0-5 mol% and 0-12 mol% based on TiO2 content, respectively. 
After thoroughly mixing, the sample was dried at 90 °C in drying oven for 12 h and then fired 
in an air atmosphere with various temperatures of 800-1400 °C for 1 h. To obtain the final 
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0.25 to 1.75  
mol 
0 to 5 
 mol% 
0 to 12 
 mol% 
product, the fired sample was grounded by using Vibrating Sample Mill (HEIKO, TI-100). The 
complete preparation scheme is shown in Figure 3.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Flow chart for the preparation of ZnO-TiO2:Er3+/Yb3+ phosphor by powder-solution 
mixing method. 
3.2.2 Characterizations 
Thermogravimetric and differential thermal analysis (TG-DTA) of raw material and raw 
mixture was carried out using a SEIKO EXSTAR6000 TG/DTA6300 instrument. About 10 mg 
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of each sample were heated from room temperature to target temperature at heating rate of 10 
°C/min. Fourier transform infrared spectroscopy analysis (FTIR) of TiO2 sol solution was 
performed using a JASCO FT/IR-460 Plus Fourier transform infrared (FTIR) spectrometer. The 
disc was prepared by mixing 1 mg of powdered TiO2 (dried and/or fired TiO2 sol solution) with 
100 mg of potassium bromide (KBr). The FTIR spectra were recorded in the wavenumber range 
of 4000-399 cm-1.  
The crystallinity was evaluated using X-Ray diffraction (XRD), a Shimadzu XRD-6300 
instrument with CuKα radiation in the range of 2θ = 10-80°. In this study, there were two types 
of XRD analysis that was operated. First, continuous scan type, the instruction set was fixed at 
step size = 0.02°, time per point = 0.6 s, and scan speed = 2° min-1. Second, to obtain the high 
accuracy and precision XRD results, the step scan type was used by fixing the maximum count 
= 8000, step size = 0.02°, and the time per point for analyzing was calculated using equations 
(3.1) and (3.2): 
count per sec (cps) =  [maximum count from continuous scan data] / [0.6 s]           (3.1) 
time per point (s) = [8000 counts] / [count per sec (cps)]                                      (3.2) 
Typically, the XRD result with step scan type is suitable for determining the variation of host 
material composition and site preference of dopants via Rietveld refinement. In this study, 
Rietveld analysis cannot be used to demonstrate the value of cell parameter or even to identify 
site preference of dopants in host crystal matrix because the final product was in the state of 
multiple phases and its XRD result showed many overlapping peaks in which some peaks were 
nebulous and hard to define the phase of such peak position. The result of Rietveld analysis of 
the products according to the mentioned details will be provided and discussed in more detail 
later. Herein, to explain the crystallization process of the final product with multiple phases, the 
relative phase content by pseudo-quantitative analysis of a specific phase was estimated from 
the XRD results (continuous scan type) and calculated using equation (3.3): 
Relative phase content = I(phase) / I(total)                                                                                     (3.3) 
where I(phase) is the intensity of selected peak from a main peak position that consists of only 
one phase; I(311) for Zn2TiO4, I(110) for TiO2, I(004) for RE2Ti2O7, and I(102) for RE2TiO5; and I(total) 
is the intensity summation of all selected peaks. 
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The microstructure of the samples was characterized by scanning electron microscopy (SEM), 
a Hitachi S-3000N instrument. Before SEM measurement, the sample was mounted securely 
by means of conductive carbon tape. Subsequently, the sample was coated with a thin layer of 
Pt-Pd (coating time of 90 s, around 5 nm thickness) under vacuum condition (vacuum-argon 
gas flushing) by ion sputter (Hitachi, E-1030). 
The surface structure measurement was carried out using digital microscope Keyence VHX-
5000. The elemental composition analysis was carried out using X-ray fluorescence 
spectroscopy (XRF), a Shimadzu Energy Dispersive X-ray Fluorescence Spectrometer (Rayny 
EDX-800HS) instrument. The UC emission excited by a 980-nm continuous waveform laser 
was recorded from 250-800 nm spectral range using USB 4000 UV-VIS-NIR fiber optic 
spectrometer (Ocean optics), having spectral resolution 1.34 nm (full width at half maximum, 
FWHM) and slit width 25 μm. The change in maximum luminescence emission intensity on 
the laser power range of 0-200 mW was used for considering the UC mechanism. All samples 
were measured at room temperature. 
3.3 Results and discussion 
3.3.1 Thermogravimetric and differential thermal analysis (TG-DTA) of raw material 
To understand the formation of the final product, it is compulsory to observe the thermal 
behavior of the raw mixture. As shown in Figure 3.2, TG-DTA measurement was carried out 
in the temperature range from room temperature (20 °C) to 1300 °C for a representative sample 
(raw powder mixture of the most efficient product), and it was obvious that no thermal effect 
and no further weight loss were observed after 600 °C. So that, to explain this result in detail, 
the TG-DTA of each precursor was studied by considering the thermal process of each 
precursor in the temperature range from room temperature to 600 °C. 
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Figure 3.2. TG-DTA curves in the temperature range from room temperature (20 °C) to 1300 
°C for ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% Yb3+ dried at 90 °C. 
3.3.1.1 ZnO 
 
 
 
 
 
 
 
  
  
  
  
  
Figure 3.3. TG-DTA curves in the temperature range from room temperature (20 °C) to 600 
°C for ZnO powder dried at 90 °C. 
1 
2
3 
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As shown in Figure 3.3, it was clearly seen that the dried ZnO powder showed small weight 
loss about 1.2% in the temperature range from room temperature (20 °C) to 600 °C. At the 
initial stage, the TG curve decreased about 0.6% due to the endothermic process which 
corresponded to the DTA curve in the temperature range from 20-100 °C (No.1). This weight 
loss was due to the dehydration of surface-absorbed water [25]. Subsequently, the DTA curve 
did not exhibit obvious endothermic or exothermic peaks in the temperature range from 100-
530 °C (No. 2), but the weight loss was detected in the TG curve about 0.4%. Further, there 
was an endothermic process that occurred at around 540 °C (No.3) and the weight loss was 
observed about 0.2%. The second and third weight losses were related to the evaporation of 
water and the decomposition of ZnO powder. Therefore, it can be summarized that most weight 
losses observed come from the evaporation process and this precursor is relatively stable above 
540 °C. In addition, similar results were reported by Raoufi [26,27]. He reported the TG-DTA 
curves of ZnO nanoparticles and his results proved that the decomposition of ZnO nanoparticles 
is mainly complete at temperature below 600 °C. 
3.3.1.2 TiO2 sol solution 
 
 
 
 
 
 
 
  
  
  
  
  
 
 
Figure 3.4. TG-DTA curves in the temperature range from room temperature (20 °C) to 600 
°C for TiO2 sol solution dried at 90 °C. 
1 
2
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As shown in Figure 3.4, the TG curve represented small weight loss which was in accordance 
with DTA curve in the temperature range from room temperature (20 °C) to 250 °C. The total 
weight loss in this temperature range was caused by the endothermic process and corresponded 
to about 2%. It could contribute to the removals of adsorbed water, consisting of the dehydration 
of surface-absorbed water (around 20-100 °C, No.1) and the evaporation of water (around 90-
250 °C). Later, there was one peak corresponding to the exothermic process and the weight loss 
about 2% located around 250-400 °C (No.2). This exothermic process might come from the 
burning out of the surfactant which it was added to the TiO2 sol solution for the dispersion 
stabilization of TiO2 particles and it cannot be removed with drying at low temperature. 
Generally, the surfactant is organic compound which can be analyzed using FTIR to confirm 
the existence of this compound by finding out fundamental structure of carbon bonds. The FTIR 
result of TiO2 sol solution will be discussed later. Under between 400-600 °C, a very small 
change in the weight loss was observed, indicating that the decomposition of TiO2 is almost 
complete at this stage.  
3.3.1.3 Yb(NO3)3.5H2O 
The TG-DTA curves of Yb(NO3)3.5H2O are shown in Figure 3.5. There were eleven 
endothermic processes, covering total weight loss about 60% which was in accordance with the 
temperature range from room temperature (20 °C) to 498 °C. The initial process started by the 
melting of material because the physical change took place during raising temperature [28-30]. 
Subsequently, Yb(NO3)3.5H2O changed to Yb(NO3)3.4H2O through dehydration process 
according to process No.1. Further, process No.2 to No.5 were the dehydration and evaporation 
processes that agreed with the transformation of Yb(NO3)3.4H2O to Yb(NO3)3. Also, it could 
be considered that process No.2 to No.5 were the overlapping endothermic mass loss process. 
And, the dehydration and evaporation processes were confirmed by the calculation of the 
change in observed weight loss for each process which were close to theoretically calculated 
weight loss for releasing 4 moles of water (Table 3.1). Process No.6 to No.11 were the 
decomposition process which decayed Yb(NO3)3 to YbO0.5NO3. Taking into account process 
No.8 and No.10 that showed strong endothermic process, peaking at around 339 °C and 470 
°C, respectively, these two peaks were related to NOx by-product formation during the 
decomposition process [28]. In the last process (No. 12), the final product was Yb2O3 that came 
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from the decomposition process of YbO0.5NO3. Eventually, there was only one remaining 
product, Yb2O3, and no thermal effect and no further weight loss were observed. The 
summarized data from TG-DTA result of Yb(NO3)3.5H2O is shown in Table 3.1 and it should 
be noted that all compositions (except Yb2O3) presented in Table 3.1 are predicted based on the 
calculation of the change in theoretical weight loss of each compound that mainly concerns the 
observed weight loss at specific temperature. Atomic weights used for calculating theoretical 
weight loss are Yb = 173.045, N = 14.007, H = 1.008, and O = 15.999. Additionally, similar 
results were obtained by Balboul [28] in the study of the decomposition of Yb(NO3)3.6H2O that 
showed Yb2O3 as a final product at 510 °C. With this report, the comparison of TG-DTA result 
of Yb(NO3)3.5H2O and Balboul’s work [28] is concluded and shown in Table 3.2. 
 
 
 
 
 
 
 
  
  
  
  
 
 
 
Figure 3.5. TG-DTA curves in the temperature range from room temperature (20 °C) to 600 
°C for Yb(NO3)3.5H2O. 
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Table 3.1. Thermal processes of Yb(NO3)3.5H2O; experimental and theoretical weight losses, 
corresponding temperature point, and composition proposed in each process. 
Process 
Accumulated 
weight losses (%) 
[observed] 
Accumulated 
weight losses (%) 
[theoretical] 
Temperature (°C) Composition 
Start - Melting - Yb(NO3)3.5H2O 
1 4.0 4.01 78 Yb(NO3)3.4H2O 
2 7.5 8.19 95 Yb(NO3)3.3H2O 
3 12.1 12.55 145 Yb(NO3)3.2H2O 
4 16.9 17.11 174 Yb(NO3)3.H2O 
5 22.0 21.89 227 Yb(NO3)3 
6 26.3 26.34 250 YbNO2(NO3)2 
7 37.0 37.42 320 YbO0.5(NO3)2 
8 46.9 46.27 339 YbO0.75(NO3)1.5 
9 50.5 50.59 366 Yb(NO3)1.5 
10 56.8 56.23 470 YbO(NO3) 
11 59.7 59.42 498 YbO0.5(NO3) 
12 > 59.7 > 59.42 > 498 Yb2O3 
Table 3.2. Comparison of thermal processes of Yb(NO3)3.5H2O and of Yb(NO3)3.6H2O; 
experimental and theoretical weight losses, and composition proposed in each process. 
Process 
In this work Balboul [28] 
Accumulated 
weight losses (%) Composition 
Accumulated 
weight losses (%) Composition 
observed theoretical observed theoretical 
Start - Melting Yb(NO3)3.5H2O - Melting Yb(NO3)3
.6H2O 
3.85 6.85 Yb(NO3)3.5H2O 
1 4.0 4.01 Yb(NO3)3.4H2O 7.50 7.50 Yb(NO3)3.4H2O 
2 7.5 8.19 Yb(NO3)3.3H2O 11.56 11.56 Yb(NO3)3.3H2O 
3 12.1 12.55 Yb(NO3)3.2H2O - - - 
4 16.9 17.11 Yb(NO3)3.H2O 19.27 19.27 Yb(NO3)3.H2O 
5 22.0 21.89 Yb(NO3)3 23.40 23.12 Yb(NO3)3 
6 26.3 26.34 YbNO2(NO3)2 - - - 
7 37.0 37.42 YbO0.5(NO3)2 34.30 34.68 YbO0.5(NO3)2 
8 46.9 46.27 YbO0.75(NO3)1.5 40.80 40.47 YbO0.75(NO3)1.5 
9 50.5 50.59 Yb(NO3)1.5 - - - 
10 56.8 56.23 YbO(NO3) 46.20 46.25 YbO(NO3) 
11 59.7 59.42 YbO0.5(NO3) 52.10 52.03 YbO1.25(NO3)0.5 
12 > 59.7 > 59.42 Yb2O3 57.70 57.80 Yb2O3 
83 
 
3.3.1.4 Er(NO3)3.5H2O 
The TG-DTA curves of Er(NO3)3.5H2O are shown in Figure 3.6. There were ten endothermic 
processes, covering total weight loss about 53% which was in accordance with the temperature 
range from room temperature (20 °C) to 533 °C. The first process (No.1) was due to the melting 
of material because the physical change took place during raising temperature [28-30]. Further, 
process No.2 to No.7 were the dehydration and evaporation processes that were in accordance 
with the change in compositions from Er(NO3)3.5H2O to Er(NO3)3.0.5H2O. Also, it could be 
considered that these processes were overlapping endothermic mass loss process. The 
dehydration and evaporation processes were confirmed by the calculation of the change in 
observed weight loss for each process which were close to theoretically calculated weight loss 
for releasing 5 moles of water Table 3.3. Later, process No.8 to No.10 were the decomposition 
process which decayed Er(NO3)3.0.5H2O to ErO0.5(NO3)1.25. Considering process No.8 and 
No.9 that showed strong endothermic process, peaking at around 343 °C and 479 °C, 
respectively, these two peaks were related to NOx by-product formation during the 
decomposition process [28]. In the last process (No. 11), the final product was Er2O3 that came 
from the decomposition process of ErO0.5(NO3)1.25. Finally, there was only one remaining 
product, Er2O3, and no thermal effect and no further weight loss were observed.  
Up to now, there is no proof of the decomposition of erbium nitrate, but according to Balboul’s 
reports [28-30], Yb2O3, Ho2O3, and Er2O3 were the final decomposition product of the reactants 
that contained rare earth element. Thus, all nitrate molecules could be totally decomposed at 
high temperature especially over 500 °C. The summarized data from TG-DTA result of 
Er(NO3)3.5H2O is shown in Table 3.3 and it should be noted that all compositions (except 
Er2O3) presented in Table Table 3.3 are predicted based on the calculation of the change in 
theoretical weight loss of each compound that mainly concerns the observed weight loss at 
specific temperature. Atomic weights used for calculating theoretical weight loss are Er = 
167.259, N = 14.007, H = 1.008, and O = 15.999. 
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Figure 3.6. TG-DTA curves in the temperature range from room temperature (20 °C) to 600 
°C for Er(NO3)3.5H2O. 
Table 3.3. Thermal processes of Er(NO3)3.5H2O; experimental and theoretical weight losses, 
corresponding temperature point, and composition proposed in each process. 
Process 
Accumulated 
weight losses (%) 
[observed] 
Accumulated 
weight losses 
(%) [theoretical] 
Temperature (°C) Composition 
Start   - - - Er(NO3)3.5H2O 
1 - Melting 50 Er(NO3)3.5H2O 
2 1.2 4.06 82 Er(NO3)3.4H2O 
3 5.9 6.18 163 Er(NO3)3.3.5H2O
4 8.5 8.35 224 Er(NO3)3.3H2O 
5 12.8 12.77 253 Er(NO3)3.2H2O 
6 17.4 17.40 275 Er(NO3)3.H2O 
7 19.2 19.82 290 Er(NO3)3.0.5H2O
8 35.4 35.01 343 ErO(NO3)2 
9 48.2 47.70 479 ErO0.5(NO3)1.5 
10 52.6 53.48 533 ErO0.5(NO3)1.25 
11 > 52.6 > 53.48 > 533 Er2O3 
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3.3.2 Thermogravimetric and differential thermal analysis (TG-DTA) of ZnO:TiO2 = 1:1 
(in mole) doped with 3 mol% Er3+ and 9 mol% Yb3+ dried at 90 °C 
To verify the thermal stability of ZnO-TiO2 doped with Er3+and Yb3+, TG-DTA was conducted 
using the mixture dried at 90 °C. As shown in Figure 3.7, there were three endothermic peaks 
at 47.5 °C, 125 °C, and 179.3 °C (No.1 to 3) in the DTA curve, and corresponding weight loss 
was about 0.41%, 2.71%, and 5.62%, respectively, which it could be inferred that the surface-
absorbed water of this dried mixture was evaporated. This phenomenon agreed with the TG-
DTA result of all precursors mentioned previously. Further, according to process No.4 to No.6, 
there were overlapping and complicated processes which might be classified as two 
endothermic peaks (No.4 and No.6) and one exothermic peak (No.5), and corresponding weight 
loss was 12.84%, 14.93%, and 15.73% for process No.4, No.5, and No.6, respectively. 
However, in comparison to the TG-DTA result of raw materials, the process that was 
responsible for these weight losses was the dehydration and decomposition processes that, in 
this analysis, it would take place simultaneously. For exothermic peak, it might come from the 
surfactant decomposition process that was mentioned in the case of TG-DTA result of TiO2 sol 
solution since it showed similar weight loss (about 2%) at the similar temperature (around 300 
°C). Focusing on TG-DTA result of Yb(NO3)3.5H2O and Er(NO3)3.5H2O, there were at least 
two peaks related to the NOx by-product formation during the thermal process in the 
temperature range from 250-480 °C, but this analysis did not show the obvious peak of that 
process because of the low content of nitrate. Under between 480-600 °C, a very small change 
in the weight loss was observed, indicating that the decomposition of this mixture almost 
completed at this stage. From all TG-DTA results, it can be concluded that the significant point 
is the total weight loss of ZnO and TiO2 in the temperature range from room temperature to 600 
°C about 1.2% and 4%, respectively. These weight losses may have the influences on the 
formation of target host material and a little change in stoichiometric of ZnO/TiO2 mixing ratio.  
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Figure 3.7. TG-DTA curves in the temperature range from room temperature (20 °C) to 600 
°C for ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% Yb3+ dried at 90 °C. 
3.3.3 Fourier Transform Infrared Spectroscopy (FTIR) of TiO2 sol solution 
According to the TG-DTA result of TiO2 sol solution that one detected exothermic process 
might come from the burning out of surfactant which it was added to the TiO2 sol solution for 
the dispersion stabilization of TiO2 particles, in this section, the existence of this surfactant will 
be proved by using FTIR analysis because the surfactant-based structures are usually organic 
compounds. Typically, organic compounds are categorized according to the functional groups 
(e.g. alcohols and carboxylic acids) and each functional group has its own specific molecular 
vibrational frequency, giving rise to various bond vibrations which can be classified by 
considering the wavenumber. Nevertheless, the main objective of this section is only the 
confirmation of the presence of surfactant. So, the result will be explained regarding the type 
of carbon bond vibrations only. 
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Figure 3.8. FTIR spectra of TiO2 sol solution dried and fired at various temperatures with the 
labeled wavenumber. 
FTIR spectra of TiO2 sol solution dried and fired at different temperatures (Figure 3.8) were 
recorded in the wavenumber range of 4000-399 cm-1. The result showed that, on heating the 
sample up to 90 °C, the peaks that corresponded to the wavenumber of 1401, 1453, 1536, 1632, 
and 1701 cm-1 appeared. These wavenumbers were related to the characteristic of C-H bend 
(1400-1500 cm -1), C=C asymmetric stretch (1500-1650 cm-1), and C=O stretch (1600-1750  
cm-1) [31]. Further, on heating the sample up to 500 °C, the peaks at 1401, 1453, 1536, and 
1701 cm-1 disappeared, remaining only the peak at 1632 cm-1 which this peak was related to the 
characteristic of C=C asymmetric stretch and C=O stretch. Later, at the firing temperature of 
1000 °C, all peaks disappeared which means that this organic compound was completely 
removed. By considering these results, it can be summarized that TiO2 sol precursor solution 
contains the surfactant which is added to the solution for the dispersion stabilization of TiO2 
particles. And, the possible chemical structure of this surfactant conforms to the functional 
group that contains three vibrations: C-H bend, C=C asymmetric stretch, and C=O stretch. 
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3.3.4 Effect of firing temperature on crystalline phase 
 
 
 
 
 
 
 
  
  
  
  
  
 
Figure 3.9. XRD patterns of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and  
9 mol% Yb3+ dried and fired at various temperatures (90-1300 °C). Reproduced with permission 
from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. Copyright (2017) Elsevier Ltd 
and Techna Group S.r.l. 
The crystalline phase of the samples, ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and  
9 mol% Yb3+ dried and fired at various temperatures (90-1400 °C), was identified using XRD 
analysis. XRD patterns of the products prepared at the temperature of 90 °C (raw mixture 
powder) to 1300 °C are described in Figure 3.9. The raw mixture contained two phases, ZnO 
(JCPDS: 36-1451) and anatase TiO2 (JCPDS: 21-1272). At 800 °C, Zn2TiO4 phase (JCPDS: 
25-1164) appeared as the dominant peak along with the decrease in ZnO and anatase TiO2 phase 
contents. According to the phase diagram of ZnO-TiO2 system [32], Zn2TiO4 is a stable phase 
and easily formed by the reaction between ZnO and TiO2, even if the system has low amount 
of ZnO. At 1000 °C, Zn2TiO4 was still the dominant phase, but ZnO and anatase TiO2 phases 
disappeared. Theoretically, Zn2TiO4 is formed by 2 moles of ZnO and 1 mole of TiO2, therefore, 
it is possible that all ZnO amounts are used, resulting in the disappearance of ZnO phase.  
At the same time, rutile TiO2 phase (JCPDS: 21-1276) appeared due to the phase transformation 
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of TiO2 by the phase change in all remaining anatase TiO2 [33]. At higher firing temperature 
(1100-1300 °C), Zn2TiO4, rutile TiO2, RE2Ti2O7 (Er2Ti2O7, JCPDS: 18-0499 and/or Yb2Ti2O7, 
JCPDS: 17-0454), and RE2TiO5 (Er2TiO5 and/or Yb2TiO5) phases were observed [34]. 
However, it is worth noting that at further increasing firing temperature (1350 °C and 1400 °C), 
the sample partially melts and reacts with the combustion boat (mullite (3Al2O3.2SiO2) boat), 
forming Al2O3 [34] and Al2TiO5 (JCPDS: 26-0040) phases. The detailed XRD patterns and 
further characterizations of these two samples will be discussed later. 
The microstructure of these six processed powders is shown in Figure 3.10. It was observed 
that all samples had different morphological structures, depending on each temperature used. 
At 90 °C, the particle bonding bonds between powder particles were loosely formed because 
atomic diffusion between particles did not take place at this temperature. Further increasing 
temperature, it seemed that the powder particles were bonded more tightly. This might be due 
to the growth of particles caused by the atomic diffusion between particles. In addition, the 
agglomeration of particles occurred as the firing temperature increased. Taking into account the 
sample fired at 1300 °C, the agglomerated and fractured grain morphologies were observed 
together because of the high firing temperature and milling process. It should be noted that, in 
this study, the physical characteristics like irregular shapes and different sizes are caused by the 
milling process. 
As shown in Figure 3.11, at 1350 °C, there were dominant Zn2TiO4 phase and small amount of 
rutile TiO2, RE2Ti2O7, and RE2TiO5 phases. Besides, two additional phases, Al2O3 [34] and 
Al2TiO5 (JCPDS: 26-0040), were observed. Further increasing firing temperature (1400 °C), 
Zn2TiO4, rutile TiO2, RE2Ti2O7, RE2TiO5, and Al2TiO5 phase contents decreased and Al2O3 
phase became dominant.  
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Figure 3.10. SEM images of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ dried and fired at various temperatures (90-1300 °C). 
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Figure 3.11. XRD patterns of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and  
9 mol% Yb3+ fired at various temperatures (1300-1400 °C). Reproduced with permission from 
Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. Copyright (2017) Elsevier Ltd and 
Techna Group S.r.l. 
Corresponding photograph of the samples fired at 1300-1400 °C is shown in Figure 3.12. 
Firstly, in this study, it should be noted that the samples fired at 1300 °C and below keep the 
powder state and are easily removed from the combustion boat. So, the sample fired at 1300 °C 
is a representative sample to compare with the physical characteristics of the samples fired at 
1350 °C and 1400 °C. As shown in Figure 3.12, it was clear that the color of the samples was 
dissimilar. Observed colors were soft pink, dark purple, and purple related to firing temperature 
at 1300 °C, 1350 °C and 1400 °C, respectively. Moreover, at 1350 °C and 1400 °C, both 
samples became bulky state and could not be removed from the combustion boat. The bulky 
state occurs because they are in the form of liquid phase at high temperature, then phase 
transformation takes place, resulting in the change in liquid phase to bulky state during cooling 
down. According to the phase diagram of ZnO-TiO2 system [32], it is clear that the Zn2TiO4 
and rutile TiO2 phases remain in the temperature range from 1300-1418 °C. At higher 
temperature (1419-1537 °C), there are only two phases; ZnO-TiO2 liquid and Zn2TiO4 that 
appeared. With these circumstances, it is possible that the temperature at contact area between 
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combustion boat and the sample would be higher than operating temperature, leading to the 
formation of liquid phase at firing temperature below 1419 °C. 
 
 
 
 
 
 
 
 
Figure 3.12. Photograph of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at (a) 1300 °C, (b) 1350 °C, and (c) 1400 °C. Reproduced with permission from 
Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. Copyright (2017) Elsevier Ltd and 
Techna Group S.r.l. 
To comprehend the existence of Al2O3 and Al2TiO5 phases that occurred at 1350 °C and 1400 
°C, at first, the combustion boat was analyzed using XRD analysis and the result showed that 
there was only Al6Si2O13 phase (JCPDS: 15-0776) that appeared (Figure 3.13). The Al6Si2O13 
phase is well-known in the name of mullite (3Al2O3.2SiO2). Subsequently, the phase diagram 
of ZnO-TiO2 and SiO2-Al2O3 systems [32] (Figure 3.14) is considered simultaneously. At 1350 
°C, the combustion boat and the sample at the contact area might melt and then the mixed liquid 
phase was formed which it consisted of Zn2TiO4, Al2O3, and SiO2 phases. Further, the reactions 
between these compositions in the mixed liquid phase were probably started with following 
steps. The SiO2 initially reacted with Zn2TiO4 and then appeared as glassy phase and at the 
same time, Al2TiO5 phase was produced by the reaction between Al2O3 and rutile TiO2. Further 
increase of temperature (1400 °C), the combustion boat and the sample melted increasingly. 
Therefore, Zn2TiO4 content decreased due to the increase of glassy phase formation, and Al2O3 
phase increased and became the dominant phase. Additionally, the decrease in Al2TiO5 phase 
content was mainly caused by the disappearance of rutile TiO2 phase. With processes mentioned 
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above, all formations are in accordance with these following reaction equations (equations (3.4) 
to (3.6)). 
3Al2O3.2SiO2   →  3Al2O3 + 2SiO2                                                                                                           (3.4)  
SiO2 + Zn2TiO4 (liquid) →  glassy phase                                                                             (3.5) 
Al2O3 + TiO2  →  Al2TiO5                                                                                                                             (3.6) 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure 3.13. XRD pattern of combustion boat with the Al6Si2O13-JCPDS card values. 
Reproduced with permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. 
Copyright (2017) Elsevier Ltd and Techna Group S.r.l. 
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Figure 3.14. (a) phase diagram of ZnO-TiO2 system (the inset shows alternative incongruent 
melting of Zn2TiO4), and (b) phase diagram of SiO2-Al2O3 system (Cor. = corundum, ss = solid 
solution). Reproduced with permission from [32]. Copyright (1964) The American Ceramic 
Society, Inc. 
Figure 3.15 shows digital microscopes (200x magnification) of the products fired at 1300 °C, 
1350 °C, and 1400 °C. Photograph (a), (c), and (e) showed the crystal formation at the contact 
area between the combustion boat and the sample, demonstrating holes that would take place 
during the melting of sample at high temperature. Further, photograph (b), (d), and (e) showed 
many crystal growth lines (red arrow) at the center of surface area of the sample located in the 
combustion boat. In the case of firing temperature at 1300 °C, there were small particles of 
crystals that attached together and were easily separated. At 1350 °C and 1400 °C, the 
characteristic of sample structure was seemingly glassy, strongly attached, and hardly 
separated. With these physical properties, it is indicated that the glassy phase may occur at 
firing temperature 1350 °C and 1400 °C, causing to the decrease in Zn2TiO4 phase content and 
direct influencing to UCL properties. 
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Figure 3.15. Digital microscopes (200x magnification) of ZnO:TiO2 = 1:1 (in mole) doped with 
3 mol% Er3+ and 9 mol% Yb3+ fired at 1300 °C ((a) and (b)), 1350 °C ((c) and (d)), and 1400 
°C ((e) and (f)). Photograph (a), (c), and (e) are related to the contact area between the 
combustion boat and the sample. Photograph (b), (d), and (f) are related to the center of surface 
area of the sample located in the combustion boat. Reproduced with permission from 
Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. Copyright (2017) Elsevier Ltd and 
Techna Group S.r.l. 
3.3.5 Effect of ZnO/TiO2 mixing ratio on crystalline phase 
XRD patterns of the ZxT1 samples with different x-values are shown in Figure 3.16. At x = 
0.25, there were four phases; Zn2TiO4, rutile TiO2, RE2Ti2O7, and RE2TiO5. The effect of 
ZnO/TiO2 mixing ratios on the relative phase content of the products is shown in Figure 3.17. 
With increasing ZnO amount up to x = 1.25, Zn2TiO4 content increased and, in the meantime, 
TiO2, RE2Ti2O7, and RE2TiO5 contents gradually decreased. Subsequently, at x = 1.25, TiO2 
phase disappeared. Nevertheless, with further increase of ZnO amount x > 1.25, Zn2TiO4 
content slowly increased and still was the major phase. As increasing ZnO amount up to x = 
1.75, RE2Ti2O7 content initially increased, but RE2TiO5 content sharply decreased and then 
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almost disappeared. However, under 1.25 < x ≤ 1.5, it is possible that there were indistinct and 
complex reactions for the formation of RE titanate phases, causing to the sharp decrease in 
RE2TiO5 content and the increase in RE2Ti2O7 content. 
 
 
 
 
 
 
 
 
 
 
  
  
  
  
 
Figure 3.16. XRD patterns of various ZnO/TiO2 mixing ratios doped with 3 mol% Er3+ and  
9 mol% Yb3+ fired at 1300 °C. Adapted with permission from Kobwittaya et al., Ceram. Int., 
43 (2017) 13505-13515. Copyright (2017) Elsevier Ltd and Techna Group S.r.l. 
These phase changes can be explained as follows. Firstly, Zn2TiO4 phase is formed by the 
reaction between 2 moles of ZnO and 1 mole of TiO2. Therefore, as increasing ZnO amount x 
from 0.25-1.75, Zn2TiO4 content increases absolutely. Subsequently, TiO2 reacts with RE2O3 
(final product of hydrated rare earth nitrate decomposition under high temperature [28-30]), 
and then RE2TiO5 and RE2Ti2O7 phases are formed. This formation is put in order based on the 
theoretical formation energy value of each phase from most positive to most negative value; 
Zn2TiO4 (-2.88 eV), RE2TiO5 (-3.79 eV), and RE2Ti2O7 (-3.8 eV). It is worth noting that all 
formation energies are computed at 0 K and 0 atm and neglect zero-point effects because heat 
capacity and density differences between solid phases are normally rather small, leading to only 
slight effects of temperature and pressure [35]. Besides, it is clear that RE2Ti2O7 and RE2TiO5 
formations are the competitive reaction. Herein, Zn2TiO4 content and the amount of RE3+ ions 
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in the host crystal matrix directly affect the phase content. On this basis, as increasing ZnO 
amount up to x = 1.25 and when Zn2TiO4 content increases, it means that the amount of RE3+ 
ions in the host crystal matrix also increases, resulting in the decrease in RE2Ti2O7 and RE2TiO5 
contents. In the case of TiO2 content, its abatement is not only from the reaction with ZnO and 
RE2O3, but also from solid solubility of TiO2 into Zn2TiO4 crystal structure (maximum at 0.33 
mole over stoichiometry) [36]. The SEM analysis of these seven processed powders is shown 
in Figure 3.18. It was observed that all samples had the same physical characteristics; micron-
scale particles in irregular shapes and different sizes which they were caused by milling process. 
Besides, this kind of morphology was obviously due to the agglomeration of particles that 
corresponded with the high firing temperature used in the final stage of preparation. 
 
 
 
 
 
 
 
 
 
 
  
  
Figure 3.17. Calculated relative phase contents of Zn2TiO4, TiO2, RE2Ti2O7, and RE2TiO5 
phases according to the compositions in Figure 3.16. Reproduced with permission from 
Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. Copyright (2017) Elsevier Ltd and 
Techna Group S.r.l. 
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Figure 3.18. SEM images of various ZnO/TiO2 mixing ratios doped with 3 mol% Er3+ and  
9 mol% Yb3+ fired at 1300 °C. 
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3.3.6 Effect of firing temperature on upconversion luminescence (UCL) 
UC emission photographs of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ samples fired at different temperatures are shown in Figure 3.19. These showed that the 
color of the UC emission was red and changed from weak to strong red with increasing firing 
temperature up to 1300 °C. Additionally, the central area of the samples fired at 1100-1300 °C 
seems to be white, which this observed emission is typically caused by the strong emission. 
Further increase of temperature (1350 °C and 1400 °C), the sample showed very weak or no 
emission. According to UCL spectra in Figure 3.20, the sample heated below 1100 °C and 
above 1300 °C exhibited weak emission intensity or no emission spectra, but the samples fired 
at 1100-1300 °C exhibited strong emission intensity. These emission spectra comprised of two 
emission bands. The weak green spectral situated in the range of 540-568 nm which was 
attributed to 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 transitions of Er3+ with two maxima at 544 and 
559 nm, respectively. The strong red spectral located in the range of 642-695 nm which was 
ascribed to 4F9/2 → 4I15/2 transition of Er3+ with two maxima at 657 and 675 nm. As shown in 
Figure 3.19, only red color is obviously observed because the red emission has higher emission 
intensity than the green one. 
  
 
 
 
 
 
 
 
  
  
  
 
 
Figure 3.19. UC emission color of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and  
9 mol% Yb3+ fired at various temperatures (800-1400 °C), and irradiated with a 980-nm 125 
mW laser. Reproduced with permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-
13515. Copyright (2017) Elsevier Ltd and Techna Group S.r.l. 
100 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.20. UC emission spectra of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and  
9 mol% Yb3+ fired at various temperatures (800-1400 °C), and irradiated with a 980-nm 125 
mW laser. Reproduced with permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-
13515. Copyright (2017) Elsevier Ltd and Techna Group S.r.l. 
As discussed by Luitel et al. in ZnO-TiO2 composite doped with Er3+ and Yb3+ prepared by 
solid-state reaction method [21], Zn2+ sites in Zn2TiO4 crystal are occupied by RE3+ ions. 
Hence, the increase in the amount of RE3+ ions at Zn site affects the changes in red (657 nm 
and 675 nm) and green (544 nm and 559 nm) emission intensities as a function of various firing 
temperatures (Figure 3.21). This kind of phenomenon can be explained by considering the result 
in Figure 3.21 together with relative phase contents in Figure 3.17. 
The samples fired at 800 °C and 1000 °C showed very low emission intensity because there 
was small Zn2TiO4 content and the total amount of RE3+ ions in Zn2TiO4 crystal was small 
either. Further increase of firing temperature up to 1300 °C, the emission intensity sharply 
increased because of the increment of total RE3+ ions in the Zn2TiO4 crystal when Zn2TiO4 
content augmented. With further increasing firing temperature (1350 °C and 1400 °C), the 
emission intensity dramatically decreased because Zn2TiO4 content extremely decreased, 
causing to the decrease in the amount of RE3+ ions incorporated into Zn2TiO4 crystal.  
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As discussed, it could be summarized that the samples fired at 1300 °C and below might be 
categorized as solid state and above 1300 °C might be classified as partially liquid state. Thus, 
at 1300 °C, the product exhibited the brightest red emission and this behavior will be discussed 
in the next section. 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Figure 3.21. The red (657 nm and 675 nm) and green (544 nm and 559 nm) emission intensities 
versus various firing temperatures according to the details in Figure 3.20. Reproduced with 
permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. Copyright (2017) 
Elsevier Ltd and Techna Group S.r.l. 
3.3.7 Effect of ZnO/TiO2 mixing ratio on upconversion luminescence (UCL) 
The UC emission color of various ZnO/TiO2 mixing ratios doped with 3 mol% Er3+ and 9 mol% 
Yb3+ sample fired at 1300 °C was red (Figure 3.22) and corresponding UCL spectra of these 
products are shown in Figure 3.23.  
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Figure 3.22. UC emission color of various ZnO/TiO2 mixing ratios doped with 3 mol% Er3+ 
and 9 mol% Yb3+ fired at 1300 °C, and irradiated with a 980-nm 125 mW laser. Adapted with 
permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. Copyright (2017) 
Elsevier Ltd and Techna Group S.r.l. 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 3.23. UC emission spectra of various ZnO/TiO2 mixing ratios doped with 3 mol% Er3+ 
and 9 mol% Yb3+ fired at 1300 °C, and irradiated with a 980-nm 125 mW laser. Reproduced 
with permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. Copyright (2017) 
Elsevier Ltd and Techna Group S.r.l. 
103 
 
The emission color brightness and emission intensity augmented with increasing ZnO amount 
up to x = 1. Further increase of ZnO amount (x = 1.25, 1.5, and 1.75), the brightness and 
emission intensity decreased. Hence, it is clear that the emission intensity changes for both 
green and red emission bands with varying ZnO amounts and the brightest emission is observed 
for the sample Z1T1. The effect of x-value on the maximum emission intensity of red (657 nm 
and 675 nm) and green (544 nm and 559 nm) bands of various ZnO/TiO2 mixing ratios doped 
with 3 mol% Er3+ and 9 mol% Yb3+ is shown in Figure 3.24. Here too, the UC behavior can be 
divided into two parts. In the lower x-value (x < 1), the increment of ZnO amount up to x = 1, 
the emission intensity of both bands increased. In the case of higher x-value (x > 1), further 
increasing amount of ZnO, the emission intensity of both bands decreased. However, there were 
different line patterns of emission intensity between green and red emission bands. These 
observed patterns can be explained by considering the solubility of RE3+ ions into Zn2TiO4 
crystal and it is indicated that the amount of soluble Er3+ and Yb3+ (in the term of Er3+/Yb3+ 
ratio) in Zn2TiO4 crystal of each condition is different. When ZnO:TiO2 = 1:1 (in mole), the 
brightest emission was observed on both green and red emission bands. This behavior can be 
described by focusing on the relative phase contents of final products and the details are showed 
in Figure 3.17. When emission intensity increased (ZnO amount x = 0.25-1), Zn2TiO4, TiO2, 
RE2Ti2O7, and RE2TiO5 phases were observed. Further, when emission intensity primarily 
decreased (x = 1.25), Zn2TiO4, RE2Ti2O7, and RE2TiO5 phases were observed without TiO2 
phase. With higher ZnO amount (x = 1.5 and 1.75), the emission intensity uninterruptedly 
decreased and there were only two observed phases, Zn2TiO4 and RE2Ti2O7. In these three 
sections of ZnO amount, the dissimilarity is the existence of TiO2 phase, whose solubility in 
Zn2TiO4 may affect the UCL intensity. Hence, the brightest UC emission is obtained by Er3+ 
transitions in the mixed phases system that comprises of Zn2TiO4, TiO2, RE2Ti2O7, and 
RE2TiO5 phases. 
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Figure 3.24. The red (657 nm and 675 nm) and green (544 nm and 559 nm) emission intensities 
versus various ZnO/TiO2 mixing ratios according to the details in Figure 3.23. Reproduced with 
permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. Copyright (2017) 
Elsevier Ltd and Techna Group S.r.l. 
3.3.8 Site preference of Er3+ and Yb3+ in Zn2TiO4 crystal structure 
According to the phase diagram of ZnO-TiO2 system [32], it has been reported that three 
compounds exist in ZnO-TiO2 system; spinel type Zn2TiO4 (cubic), Ilmenite type ZnTiO3 
(hexagonal), and Zn2Ti3O8 (cubic, low temperature form of ZnTiO3). Among these compounds, 
the spinel-type Zn2TiO4 has a faced-centered cubic (FCC) unit cell belonging to space group 
Fd-3m with a = 0.84608 nm [37] and is stable from room temperature to its melting point. 
According to Kim et al. [36], the atomic arrangement in the crystal become more ordered at 
high temperature by the incorporation of TiO2 into the Zn2TiO4 structure. The Zn2TiO4 has an 
inverse spinel structure (AB2O4), where Zn atoms occupy all A-sites and the half of B-sites, 
and Ti atoms occupy the half of B-sites. Basically, in this crystal structure, A-site is generally 
occupied by a larger cation and B-site is occupied by a smaller cation. The crystal structure of 
inverse spinel Zn2TiO4 phase is shown in Figure 3.25 and created by VESTA (open-source 
software) [38]. 
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Figure 3.25. The crystal structure of inverse spinel Zn2TiO4 phase. Reproduced with 
permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. Copyright (2017) 
Elsevier Ltd and Techna Group S.r.l. 
Due to the bigger size of Zn, which has the tendency to occupy tetrahedral sites, surplus Ti4+ 
with the smaller size should occupy octahedral sites. Since the extra Ti4+ occupy octahedral 
site, the vacant Zn site ሺVZn'' ሻ must be appeared in tetrahedral site to keep the charge balance 
[36,37,39]. Based on this feasibility of the appearance of VZn(tet)'' , the incorporation of surplus 
Ti4+ into the Zn2TiO4 matrix can be manifested by equation (3.7). It should be noted that only 
VZn(tet)''  is generated when the system has remaining Ti4+ [36]. 
2TiO2 ൫in ZnሺtetሻሺZnTiሻሺoctሻTiO4൯ → VZn(tet)'' 	+ TiZn(oct)	∙∙ + TiTi(oct)	+	4Oox                                 (3.7) 
Generally, to determine the crystal structure and to calculate the cell parameter of synthesized 
products, including consideration of site preference of dopants in the host crystal matrix, 
Rietveld refinement is the most widely used method to investigate these physical characteristics 
and this method is usually performed with the accurate and precise XRD results in order to 
easily evaluate a very complex curve since powder diffraction patterns are a set of peaks and 
106 
 
some overlapped. The Rietveld analysis is used to adjust various parameters (e.g. peak-shape 
and profile points) via statistical analysis, “least squares method”, to minimize the difference 
between the observed value and calculated value. The minimization (M) by fitting two data 
sources at various points (i) can be calculated using the expression of equation (3.8). 
M = ෍wi[(yiሺobsሻ	- yiሺcalሻ)2]
i
																																																																																																														(3.8) 
where wi = weight function of profile point i  
= the reciprocal of variance (σ2) of yi(obs) = 1 / [σ2(yi(obs))] 
 yi(obs) = the observed data of profile point i 
 yi(cal) = the calculated data of profile point i 
The quality of least squares refinement relies on two main agreement indices which are called 
“Residual” (also known as R factor). The first is the weighted-profile residual (Rwp) which is 
directly related to equation (3.8) and can be expressed as equations (3.9) and (3.10). 
Rwp= ඨ෍wi[(yiሺobsሻ- yiሺcalሻ)2] / ෍wiyi(obs)2
ii
																																																																																		(3.9) 
Rwp= ඨM / ෍wiyi(obs)2
i
                                                                            																															(3.10) 
Even though this function is the essential equation and much widespread to all Rietveld 
software, but there is one problem that the summation is only applied to all points (i) in the 
profile without taking into account specific points where considerable diffraction density is 
present, causing to the lack of precision and accuracy in profile fittings. Therefore, by 
considering only Rwp, it may be inadequate to obtain the believable result. For this reason, the 
second R factor that does not involve the peak-shape function is proposed and used by focusing 
on various significant diffraction points (hkl planes; Miller indices) in the profile.  This R factor 
is called profile residual (Rp) and is expressed as equation (3.11). 
Rp= ෍ |yhkl(obs)-yhklሺcalሻ| / ෍ yhkl(obs)																																																																																											(3.11)
hklhkl
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These Rietveld refinement explanations, details, and equations are adapted from the book of 
Dinnebier et al. [40] and the report of Yamazaki et al. [41] in order to easily comprehend the 
fundamental theory of Rietveld analysis.   
Nowadays, the Rietveld refinement is operated by various software such as FullProf Suite, 
General Structure Analysis System (GSAS), X’pert Highscore Plus, and Material Analysis 
Using Diffraction (MAUD) because manual calculation lacks precision and accuracy of result 
due to the error from various circumstances. These software are mainly created based on two R 
factors mentioned above and the other controlled factors to acquire the highest performance of 
profile fitting.  
According to the XRD results of the products represented in Figure 3.9 and Figure 3.16, there 
were four phases, Zn2TiO4, TiO2, RE2Ti2O7, and RE2TiO5 (RE = Er3+ and/or Yb3+) that 
appeared in the final product at optimum firing temperature. With observed multiphase and 
patterns of XRD results with step scan type, it was detected that there were many overlapping 
peaks in which one peak position was related to two or more phases. Besides, in the case of 
RE2TiO5, this phase is ambiguous due to the lack of information of crystal structure, reference 
pattern (e.g. JCPDS, NIMS databases), and actual properties. Therefore, in this study, 
crystallographic parameters were obtained via Rietveld analysis of XRD patterns using 
Materials Analysis Using Diffraction (Maud) software [42] and concerning only three phases; 
Zn2TiO4, TiO2, RE2Ti2O7. This software was selected to provide the example of Rietveld 
analysis and to confirm how it is impossible to use Rietveld analysis in this study. It is worth 
noting that other software may show similar result in the case of graph fitting due to the same 
crystallographic information databases used, but the R factors may be different because of 
dissimilar algorithms of each software. 
Figure. 3.26 shows the profile fitting by Rietveld refinement without adding predicted site 
preference of RE3+ ions (red line is a calculated profile). The result showed very high R factors, 
Rwp = 45.586% and Rp = 34.798%, resulting in unsuitable fitting model. Normally, good R 
factor is usually less than 10% which demonstrates high performance of profile fitting, leading 
to the proper model and high reliability of information. Therefore, with this result, Rietveld 
refinement could not be applied and did not show the good performance of profile fitting. 
Taking into account RE3+ ions that should occupy some site of Zn2TiO4 crystal structure, thus, 
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it is indicated that Zn2TiO4 is the most important phase. Therefore, the calculated profile (red 
line) of some examples (Z0.25T1, Z1T1, and Z1.25T1) analyzed by Rietveld analysis and 
matched with only Zn2TiO4 phase is shown in Figure 3.27 to 3.29. 
Rietveld refinement results in Figure 3.27 to 3.29 also showed very high R factors. So, it would 
imply that various ZnO/TiO2 mixing ratios doped with 3 mol% Er3+ and 9 mol% Yb3+ fired at 
1300 °C demonstrate the similar result, showing very high R factors. Even though very high R 
factors were observed but these values could be used as the based R factor for comparison with 
the case of adding predicted site preference of RE3+ ions. Hereafter, the Z1T1 which showed 
the brightest UCL was selected to investigate the comparative relation of R factors between 
profile fitting without (Figure 3.28) and with adding predicted site preference of RE3+ ions. The 
predicted site preferences of RE3+ ions in Zn2TiO4 crystal structure with various site 
occupancies and various fractions of crystallographic parameters are separated into four parts 
as follows: 
1. RE3+ ions occupy Zn2+ position in tetrahedral site  
(Appendix A: Figure A1 to A4, Table A2 to A5)  
2. RE3+ ions occupy Zn2+ position in octahedral site  
(Appendix A: Figure A5 to A8, Table A6 to A9) 
3. RE3+ ions occupy Ti4+ position in octahedral site  
(Appendix A: Figure A9 to A12, Table A10 to A13) 
4. RE3+ ions occupy both Zn2+ and Ti4+ positions in octahedral site  
(Appendix A: Figure A13 to A16, Table A14 to A17) 
The results of Rietveld refinement of these four categories analyzed by MAUD software are 
summarized in Table 3.4. 
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Figure 3.26. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C (Rwp = 45.586%, Rp = 34.798%). 
 
Figure 3.27. Rietveld plot of ZnO:TiO2 = 0.25:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C (Rwp = 65.625%, Rp = 56.521%). 
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Figure 3.28. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C (Rwp = 46.533%, Rp = 35.679%). 
 
Figure 3.29. Rietveld plot of ZnO:TiO2 = 1.25:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C (Rwp = 40.489%, Rp = 30.367%). 
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Table 3.4. The R factors from Rietveld analysis via MAUD software with various possibilities 
of site preferences of RE3+ ions in Zn2TiO4 crystal matrix. 
Figure Table Predicted molecular formula Rwp (%) Rp (%) 
3.28 A1 Zn(tet)(ZnTi)(oct)O4 (reference) 46.533 35.679 
A1 A2 (Zn0.999REs0.001)(tet)(ZnTi)(oct)O4 46.530 35.675 
A2 A3 (Zn0.99REs0.01)(tet)(ZnTi)(oct)O4 46.502 35.607 
A3 A4 (Zn0.95REs0.01)(tet)(ZnTi)(oct)O4 46.462 35.369 
A4 A5 (Zn0.9REs0.1)(tet)(ZnTi)(oct)O4 46.514 35.279 
A5 A6 Zn(tet)(Zn0.499REs0.001Ti0.5)(oct)O4 46.516 35.637 
A6 A7 Zn(tet)(Zn0.49REs0.01Ti0.5)(oct)O4 46.468 35.503 
A7 A8 Zn(tet)(Zn0.45REs0.05Ti0.5)(oct)O4 46.657 35.427 
A8 A9 Zn(tet)(Zn0.4REs0.1Ti0.5)(oct)O4 47.293 36.371 
A9 A10 Zn(tet)(Zn0.5Ti0.499REs0.001)(oct)O4 46.561 35.726 
A10 A11 Zn(tet)(Zn0.5Ti0.49REs0.01)(oct)O4 46.476 35.523 
A11 A12 Zn(tet)(Zn0.5Ti0.45REs0.05)(oct)O4 46.612 35.379 
A12 A13 Zn(tet)(Zn0.5Ti0.4REs0.1)(oct)O4 47.120 36.141 
A13 A14 Zn(tet)(Zn0.4995Ti0.4995REs0.001)(oct)O4 46.537 35.698 
A14 A15 Zn(tet)(Zn0.495Ti0.495REs0.01)(oct)O4 46.485 35.537 
A15 A16 Zn(tet)(Zn0.475Ti0.475REs0.05)(oct)O4 46.601 35.428 
A16 A17 Zn(tet)(Zn0.45Ti0.45REs0.1)(oct)O4 47.204 36.240 
Remark: REs is Er3+ and/or Yb3+. 
According to Figure 3.28 and Figure A1 to A16, including the crystal structure parameters in 
Table A1 to A17, the results which were related to various possibilities of site preferences of 
RE3+ ions in Zn2TiO4 crystal matrix showed very high R factors more than 46% and 35% for 
Rwp and Rp, respectively. Besides, there was no any significant involvement or obvious tendency 
between profile fitting without (Figure 3.28) and with adding predicted site preferences of RE3+ 
ions (Figure A1 to A16). Therefore, the Rietveld refinement is not able to be applied to the 
XRD results of these synthesized products which means that their actual crystal structure and 
lattice parameters cannot be determined and calculated. For this reason, in this study, the 
indirect method to identify site preference of RE3+ ions in Zn2TiO4 crystal was suggested by 
considering the changes in its crystal structure and lattice parameters. 
In theory, the fundamental crystal structure is considered by concentrating on close-packed 
planes of anions. Typically, the close-packed planes consist of large anions, these planes stack 
top each other, small interstitial sites are created between them in which cations may reside. 
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Hence, the possible ionic radius of occupying cation in Zn2TiO4 crystal can be calculated based 
on the close-packed of oxygen ions [43]. Since the ionic radius of oxygen ion is 0.138 nm, 
calculated ionic radius of cation in a tetrahedral site (coordination number (CN) = 4) should be 
in the range of 0.032-0.058 nm to maintain the tetrahedral structure. In the case of an octahedral 
site (CN = 6), the ionic radius of oxygen ion is 0.140 nm. Thus, calculated ionic radius of cation 
should be in the range of 0.059-0.102 nm to keep the octahedral structure. With these 
calculations, Er3+ and Yb3+ could not directly occupy cation in tetrahedral site (Zn2+), octahedral 
site (Zn2+/Ti4+), or even get into the VZn(tet)''  because the ionic radii of Er3+ (0.089 nm, CN 6) and 
Yb3+ (0.087 nm, CN 6) are much larger than that of Zn2+ (0.060 nm, CN 4, and 0.074 nm, CN 
6), Ti4+ (0.061 nm, CN 6), and VZn(tet)''  (0.032-0.058 nm), including the mismatch of valence 
between Zn2+, Ti4+ and RE3+ ions. According to the calculated possible ionic radius of cation in 
octahedral site that should be in the range of 0.059-0.102 nm, therefore, RE3+ ions should go in 
the vacant sites, that may be created in octahedral site, more easily than direct occupying the 
Zn2+ and Ti4+ or entering the VZn(tet)'' . One possibility that vacant site is created in octahedral site 
is the change in position of Zn2+, moving from octahedral site to VZn(tet)'' , because of bigger ionic 
radii of RE3+ ions forcing them. Herein, site preference of RE3+ ions in Zn2TiO4 crystal can be 
expressed as follows; 
Firstly, according to equation (3.7), by the incorporation of RE3+ ions into Zn2TiO4 crystal, the 
term “VZn(tet)'' ” is eliminated due to the change in position of Zn2+ from octahedral site to VZn(tet)''  
and then vacant Zn site in octahedral ሺVZn(oct)'' ሻ takes place as shown in equation (3.12).  
2TiO2 ൫in ZnሺtetሻሺZnTiሻሺoctሻTiO4൯ → VZn(oct)'' 	+ TiZn(oct)	∙∙ + TiTi(oct)	+	4Oox                               (3.12) 
Secondly, equation (3.12) is multiplied by two because at least two RE3+ ions from RE2O3 enter 
two VZn(oct)''  and then express as equation (3.13);  
4TiO2 ൫in ZnሺtetሻሺZnTiሻሺoctሻTiO4൯ → 2VZn(oct)''  + 2TiZn(oct) ∙∙ + 2TiTi(oct) + 8Oox                        (3.13) 
Later, two RE3+ ions from RE2O3 enter two VZn(oct)''  which is expressed as equation (3.14);  
RE2O3	+	2VZn(oct)''  →	2REZn(oct)	∙ + 32 O2(g)	+	6e'                                                                 (3.14)
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By adding equations (3.13) and (3.14), and then express as equation (3.15); 
RE2O3 + 2VZnሺoctሻ'' 	+	4TiO2 (all in ZnሺtetሻሺZnTiሻሺoctሻTiO4) 
→ 2REZnሺoctሻ∙  + 32 O2ሺgሻ + 6e' + 2VZnሺoctሻ''  + 2TiZnሺoctሻ∙∙  + 2TiTi(oct) + 8Oox                                (3.15) 
Remove duplicate terms from equation (3.15) and then express as equation (3.16); 
RE2O3 + 4TiO2	→ 2REZnሺoctሻ∙  + 32 O2ሺgሻ + 6e' + 2TiZnሺoctሻ∙∙  + 2TiTi(oct) + 8Oox                         (3.16) 
Hence, when RE is Er3+ and/or Yb3+, two final equations are expressed as equations (3.17) and 
(3.18); 
Er2O3 + 4TiO2	→ 2ErZnሺoctሻ∙  + 32 O2ሺgሻ + 6e' + 2TiZnሺoctሻ∙∙  + 2TiTi(oct) + 8Oox                            (3.17)   
Yb2O3 + 4TiO2	→ 2YbZnሺoctሻ∙  + 32 O2ሺgሻ + 6e' + 2TiZnሺoctሻ∙∙  + 2TiTi(oct) + 8Oox                       (3.18)             
To certify these possible reactions, electrical charge balance of equations (3.14) and (3.16) 
which they are the fundamental reaction to explain site preference of RE3+ ions in Zn2TiO4 
crystal are checked and proved. The electrical charge for the left and right sides of each equation 
is equal; minus four (-4) for equation (3.14) and neutral (0) for equation (3.16). Additionally, 
this proposed site preference is also verified by considering A and B-sites of Zn2TiO4 crystal 
structure. The tetrahedral (A-site) corresponds to 2ZnZn due to the 2Zn2+ from the occurrence 
of 2VZn(oct)''  and octahedral (B-site) conforms to ሺ2REZn∙ 	+ 2TiZn∙∙ ሻ	+	2TiTi. Thus, the possible site 
preference of RE3+ ions in this crystal system is (ZnZn)2(tet)(ሺREZn∙ + TiZn∙∙ ሻ	+ TiTi)4(oct)(Oox)8 that 
equals to theoretical site AB2O4 type of Zn2TiO4 crystal structure. Furthermore, it was observed 
that the occupancy of RE3+ ions in VZn(oct)''  directly affected the lattice volume of Zn2TiO4, 
leading to the variation on UC emission intensity. This behavior will be explained below by 
considering following information. 
In accordance with the cubic Zn2TiO4 crystal structure, the lattice constant is calculated using 
equation (3.19): 
lattice constant (Å)      =ටd2(h2+k2+l2)																																																																																										(3.19) 
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where d is the distance between adjacent planes (d-spacing). The h, k, and l are Miller indices. 
These two values are selected from main peak position of Zn2TiO4 phase that consists of only 
one phase; (3 1 1) at 2θ = 35.14°, (5 1 1) at 2θ = 56.52°, and (4 4 0) at 2θ = 61.99°. So, there 
are three calculated values of lattice constant that obtained from each position and then the 
average lattice constant is used to calculate lattice volume as expressed in equation (3.20). 
lattice volume ቀÅ3ቁ 
=ቆlattice constant(311)	+	lattice constant(511) + lattice constant(440)3 ቇ
3
 
                    
                     
(3.20)
The crystallographic data of Zn2TiO4; lattice constant and lattice volume, according to various 
ZnO/TiO2 mixing ratios doped with 3 mol% Er3+ and 9 mol% Yb3+ fired at 1300 °C are shown 
in Table 3.5. Taking into account Zn2TiO4 unit cell volume in Table 3.5 and the dependent 
lattice volumes of Zn2TiO4 crystal on various ZnO/TiO2 mixing ratios in Figure 3.30, the 
calculated lattice volumes of all samples were lower than calculated lattice volume from JCPDS 
card values. These results also showed the change in lattice volume, depending on ZnO amount. 
With the increase of ZnO amount up to x = 1, the lattice volume of Zn2TiO4 decreased. Further 
increase of ZnO amount x > 1, the lattice volume of Zn2TiO4 increased. This behavior 
corresponds to the positive charge that occurs when excess Ti4+ occupy Zn2+ in octahedral and 
further RE3+ ions substitute VZn(oct)'' , respectively. The positive charge in all cation positions is 
much more than the negative charge of oxygen. So, according to Coulomb force, the positive 
charge would attract the negative charge, leading to the abatement of Zn2TiO4 lattice volume. 
Figure. 3.31 shows the effect of lattice volume on emission intensity. The emission intensity 
decreased when the lattice volume increased for both green and red bands. By considering these 
results, it is possible that the amount of RE3+ ions that incorporates into Zn2TiO4 crystal is not 
equal in each sample, influencing to the variation of luminescence emission intensity, and 
resulting in the changes in lattice volume of host material. 
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Table 3.5. The crystallographic data of Zn2TiO4; lattice constant and lattice volume of various 
ZnO/TiO2 mixing ratios doped with 3 mol% Er3+ and 9 mol% Yb3+ fired at 1300 °C. 
Reproduced with permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. 
Copyright (2017) Elsevier Ltd and Techna Group S.r.l. 
Sample Lattice constant (Å) Lattice volume (Å3) 
Zn2TiO4 (JCPDS 25-1164) 8.4602 605.54 
Z 0.25 T 1  8.4376 600.70 
Z 0.5 T 1 8.4191 596.76 
Z 0.75 T 1 8.4128 595.42 
Z 1 T 1 8.4053 593.83 
Z 1.25 T 1 8.4229 597.56 
Z 1.5 T 1 8.4282 598.69 
Z 1.75 T 1 8.4407 601.36 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
  
Figure 3.30. The dependent lattice volumes of Zn2TiO4 crystal on various ZnO/TiO2 mixing 
ratios doped with 3 mol% Er3+ and 9 mol% Yb3+ fired at 1300 °C. Reproduced with permission 
from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. Copyright (2017) Elsevier Ltd 
and Techna Group S.r.l. 
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 Figure 3.31. The red (657 nm and 675 nm) and green (544 nm and 559 nm) emission intensities 
of various ZnO/TiO2 mixing ratios doped with 3 mol% Er3+ and 9 mol% Yb3+ fired at 1300 °C 
versus various lattice volumes of Zn2TiO4 crystal according to the details in Figure 3.24 and 
Table 3.5. Reproduced with permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-
13515. Copyright (2017) Elsevier Ltd and Techna Group S.r.l. 
3.3.9 Effect of Er3+ and Yb3+ concentrations on upconversion luminescence (UCL) 
UCL spectra were investigated as a function of Er3+ and Yb3+ concentrations. The effect of 
various Er3+ concentrations, while keeping 9 mol% Yb3+ concentration is shown in Figure 3.32, 
which the red (657 and 675 nm) and green (544 and 559 nm) emission intensities are plotted 
versus various Er3+ concentrations. These UCL behaviors can be separated into two parts. In 
the initial part, as increasing Er3+ concentration from 0-3 mol%, the emission intensity 
augmented because the Er3+ activator concentration in the Zn2TiO4 crystal increased. Further 
increase of Er3+ concentration up to 5 mol%, the emission intensity decreased because of 
concentration quenching. Taking into account the UC emission color, the luminescence was red 
and changed from weak to strong red with increasing Er3+ concentration from 1-3 mol%. 
Further increase of Er3+ concentration more than 3 mol%, the brightness of red emission 
decreased. In addition, when the system did not have Er3+, no emission color was observed. 
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Hence, the maximum emission intensity is detected on red emission band for Er3+ concentration 
at 3 mol%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 3.32. The red (657 nm and 675 nm) and green (544 nm and 559 nm) emission intensities 
versus ZnO:TiO2 = 1:1 (in mole) doped with various mol% Er3+ and 9 mol% Yb3+ fired at 1300 
°C, and corresponding photographs of UC emission color irradiated with a 980-nm 125 mW 
laser. Reproduced with permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-
13515. Copyright (2017) Elsevier Ltd and Techna Group S.r.l. 
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Figure 3.33. The red (657 nm and 675 nm) and green (544 nm and 559 nm) emission intensities 
versus ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and various mol% Yb3+ fired at 1300 
°C, and corresponding photographs of UC emission color irradiated with a 980-nm 125 mW 
laser. Reproduced with permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-
13515. Copyright (2017) Elsevier Ltd and Techna Group S.r.l. 
The effect of various Yb3+ concentrations, while keeping 3 mol% Er3+ concentration is shown 
in Figure 3.33, which the red (657 and 675 nm) and green (544 and 559 nm) emission intensities 
are plotted versus various Yb3+ concentrations. By keeping Er3+ concentration at 3 mol%, the 
Yb3+ concentration influences on the emission intensity of the products. With increasing Yb3+ 
concentration from 0-12 mol%, the emission intensity increased, reached maximum at 9 mol% 
Yb3+ doping concentration, and then decreased on further increasing it. The increased emission 
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intensity is viable owing to higher concentration of dissolved Yb3+ concentration into the 
Zn2TiO4 phase which augments the number of pump photons and the excited Er3+. The 
decreased emission intensity at higher Yb3+ concentration corresponds to concentration 
quenching. Considering the UC emission color, the color changed from green to red with 
increasing Yb3+ concentration. The green emission occurred when the system did not have Yb3+. 
Further increase of Yb3+ concentration from 1-9 mol%, the emission color started with 
yellow/orange at 1 mol% and initially changed to red at 3 mol% Yb3+. Then, the brightness of 
red emission increased and reached maximum brightness at 9 mol%. Subsequently, increasing 
Yb3+ concentration up to 12 mol%, brightness of red emission decreased. With these two results, 
varying Er3+ and Yb3+ concentrations, while keeping the other, it can be concluded that the red 
emission depends mainly on the amount of Yb3+ in the host material, while the green emission 
relies on the amount of Er3+. Thus, optimum Er3+ and Yb3+ concentrations for the brightest UC 
emission are 3 and 9 mol%, respectively. 
3.3.10 Elemental composition analysis 
3.3.10.1 Standard calibration curve of various ZnO/TiO2 mixing ratios 
According to TG-DTA results, the weight loss of raw material and raw mixture was observed 
due to the thermal process, therefore, the elemental composition of the product should be 
considered in order to confirm the actual ZnO/TiO2 mixing ratio. Typically, the chemical 
composition is contemplated using XRF measurement which uses X-ray fluorescence 
technology to determine the product composition by comparing the target product with standard 
calibration curve based on its components. Hence, the best way to obtain the result with high 
accuracy and precision is the preparation of standard calibration curve by using standard sample 
of various ZnO/TiO2 mixing ratios. This standard sample was in the form of raw powder 
mixture (no further thermal process) and produced by the mixing of ZnO powder (NanoTek,  
~ 34 nm, 99%) and TiO2 powder (Katayama Chemical) via solid-state reaction method. The 
calibration curve was made by the XRF technique and consisted of two graphs. First was the 
graph of Zn intensity versus weight% of Zn (Figure 3.34) and second was the graph of Ti 
intensity versus weight% of Ti (Figure 3.35). 
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Figure 3.34. The calibration curve of Zn contents for different ZnO/TiO2 mixing ratios. 
 
 
 
 
 
 
 
 
  
Figure 3.35. The calibration curve of Ti contents for different ZnO/TiO2 mixing ratios. 
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As shown in Figure 3.34 and Figure 3.35, the linear equation of both graphs was Y = 0.0442X 
+ 5.8265 and Y = 0.1277X + 0.7048 for Zn and Ti contents, respectively. It is obvious that the 
linear line does not cross the zero at origin point because the error of measurement inherent to 
the analyzer could cause the difference between expected and measured content values. 
However, these calibration curves can be used to analyze Zn and Ti contents of the target sample 
since, after reverse checking the composition of standard samples, observed values were not 
much different from calculated value of each condition (Table 3.6). 
Table 3.6. The comparison between the observed and calculated values of Zn and Ti contents 
(in weight% and mole) for each sample. 
Mixing ratio Zn content (weight%) Ti content (weight%) Calculated Observed Calculated Observed 
Zn 0.25 Ti 1 16.3109 16.7942 47.7657 48.1862 
Zn 0.5 Ti 1 27.1164 26.7459 39.7047 39.1711 
Zn 1 Ti 1 40.5473 40.0300 29.6852 29.4984 
Zn 1.5 Ti 1 48.5655 48.5021 23.7037 23.7624 
Zn 2 Ti 1 53.8943 54.3684 19.7284 19.9719 
Converting weight% to mole and followed by keeping 1 mole of Ti; 
Mixing ratio Zn content (mole) Ti content (mole) Calculated Observed Calculated Observed 
Zn 0.25 Ti 1 0.2500 0.2552 1.0000 1.0000 
Zn 0.5 Ti 1 0.5000 0.4999 1.0000 1.0000 
Zn 1 Ti 1 1.0000 0.9935 1.0000 1.0000 
Zn 1.5 Ti 1 1.5000 1.4943 1.0000 1.0000 
Zn 2 Ti 1 2.0000 1.9930 1.0000 1.0000 
Remark: For preparing these calibration curves and acquiring observed and calculated values 
of Zn and Ti contents, all calculations are based on ZnO and TiO2 compounds, and atomic 
weights used to calculate these results are Zn = 65.382, Ti = 47.867, and O = 15.999. 
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3.3.10.2 X-ray fluorescence (XRF) of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 
9 mol% Yb3+ dried and fired at various temperatures 
In this XRF analysis, Zn and Ti contents of the samples were analyzed by comparing with Zn 
and Ti standard calibration curves that were mentioned in section 3.3.10.1. For Er and Yb 
contents, their standard calibration curve cannot be created due to the uncertainty of standard 
sample caused by very low content of both elements. Herein, to analyze Er and Yb contents, 
the fundamental parameter (FP) method was used to examine the content of them. An overview 
of XRF analysis of synthesized powder samples, ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% 
Er3+ and 9 mol% Yb3+ dried and fired at various temperatures, is given in Table 3.7. 
Table 3.7. An overview of XRF analysis of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ 
and 9 mol% Yb3+ powder samples dried and fired at various temperatures, their expected mixing 
ratio values and XRF elemental analysis results (each sample was measured five times at 
different positions and data were averaged). 
Temperature 
(°C) 
  Zn (mole) Ti (mole) Er (mole) Yb (mole) 
Expected XRF Expected XRF Expected XRF Expected XRF 
90 1.0000 0.9745 1.0000 1.0000 0.0300 0.0265 0.0900 0.0825 
800 1.0000 0.9638 1.0000 1.0000 0.0300 0.0255 0.0900 0.0761 
1000 1.0000 0.9642 1.0000 1.0000 0.0300 0.0257 0.0900 0.0735 
1100 1.0000 0.9618 1.0000 1.0000 0.0300 0.0252 0.0900 0.0757 
1200 1.0000 0.9619 1.0000 1.0000 0.0300 0.0254 0.0900 0.0729 
1300 1.0000 0.9622 1.0000 1.0000 0.0300 0.0251 0.0900 0.0736 
Remark:  
1. Atomic weights used to calculate these results are Zn = 65.382, Ti = 47.867,  
Er = 167.259, and Yb = 173.045. 
2. These results are converted from weight% to mole and followed by keeping 1 mole of Ti. 
As shown in Table 3.7, the results showed that all observed values were lower than the expected 
content. These could be due to many situations, for example the errors during sample 
preparation and the weight loss of raw material and raw mixture during the thermal process. 
However, the XRF is only a semi-quantitative technique except a calibration curve is used. So, 
it should be noted that Er and Yb contents are too low to detect with precision. With these 
results, it could be concluded that the temperature used has little effect on the change in mixing 
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ratio and the final mixing ratio of these samples after adjustment based on 1 mole of Ti is still 
acceptable as Zn:Ti:Er:Yb = 1:1:0.03:0.09 (in mole). 
3.3.10.3 X-ray fluorescence (XRF) of various ZnO/TiO2 mixing ratios doped with 3 mol% 
Er3+ and 9 mol% Yb3+ fired at 1300 °C 
According to the procedures used for XRF analysis in section 3.3.10.2, the analyzed results of 
synthesized powder samples, various ZnO/TiO2 mixing ratios doped with 3 mol% Er3+ and  
9 mol% Yb3+ fired at 1300 °C, is given in Table 3.8. 
Table 3.8. An overview of XRF analysis of various ZnO/TiO2 mixing ratios doped with  
3 mol% Er3+ and 9 mol% Yb3+ powder samples fired at 1300 °C, their expected mixing ratio 
values and XRF elemental analysis results (each sample was measured five times at different 
positions and data were averaged). 
Mixing 
ratio 
Zn (mole) Ti (mole) Er (mole) Yb (mole) 
Expected XRF Expected XRF Expected XRF Expected XRF 
Z 0.25 T 1 0.2500 0.2195 1.0000 1.0000 0.0300 0.0241 0.0900 0.0774 
Z 0.5 T 1 0.5000 0.4485 1.0000 1.0000 0.0300 0.0253 0.0900 0.0781 
Z 0.75 T 1 0.7500 0.7075 1.0000 1.0000 0.0300 0.0256 0.0900 0.0791 
Z 1 T 1 1.0000 0.9622 1.0000 1.0000 0.0300 0.0251 0.0900 0.0736 
Z 1.25 T 1 1.2500 1.2031 1.0000 1.0000 0.0300 0.0257 0.0900 0.0757 
Z 1.5 T 1 1.5000 1.3441 1.0000 1.0000 0.0300 0.0260 0.0900 0.0777 
Z 1.75 T 1 1.7500 1.6142 1.0000 1.0000 0.0300 0.0260 0.0900 0.0757 
Remark:  
1. Atomic weights used to calculate these results are Zn = 65.382, Ti = 47.867,  
Er = 167.259, and Yb = 173.045. 
2. These results are converted from weight% to mole and followed by keeping 1 mole of Ti. 
As shown in Table 3.8, the results showed that all observed values were lower than the expected 
content. These could be due to many situations as mentioned in section 3.3.10.2. With these 
results, it could be summarized that the final mixing ratio of these samples after adjustment 
based on 1 mole of Ti is in accordance with the expected mixing ratio. 
3.3.11 Upconversion (UC) mechanism 
The UC mechanism can be interpreted with the emission spectra as a function of pump power 
of the excitation source. The UC emission intensity I was measured as a function of the pump 
power P. In the UC mechanism, I is proportional to the n power of P, I ∝ Pn, where n is the 
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number of the pumped photons per the emitted photon [1]. As shown in Figure 3.36, a plotting 
of log (I) versus log (P) of the sample, ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 
9 mol% Yb3+ fired at 1300 °C, which it emitted the brightest emission, yielded a straight line, 
resulting in the n-value of 0.94 and 0.97 for green emission, and n-value of 1.32 and 1.34 for 
red emission, under between P = 15-196 mW. Principally, under steady-state excitation, the 
experimental n-value is in the specific range of values and less than the maximum theoretical  
n-value for each possible UC mechanism; two-photon process (1 < n ≤ 2) or three-photon 
process (2 < n ≤ 3), because of the saturation effect in the UCL intensity caused by the 
competition between a few processes, for instance the nonradiative energy transfer and UC 
processes between dopant ions for the depletion of the intermediate excited states [44,45]. 
Herein, the observed n-values for green and red emissions could be estimated that they are 
related to the condition of 1 < n ≤ 2. Therefore, it may suggest that the two-photon process is 
responsible for the green and red UC emissions mechanism of this phosphor system. To better 
understand the decrease in n-value and the saturation effect, these phenomena will be discussed 
in detail in the next section. 
As shown in Figure 3.37, to clearly explain about n-value, the n-value of various ZnO/TiO2 
mixing ratios doped with 3 mol% Er3+ and 9 mol% Yb3+ fired at 1300 °C was calculated and 
then the relationship between them was plotted based on red (657 nm and 675 nm) and green 
(544 nm and 559 nm) emission bands. With increase of ZnO amount up to x = 1, the increase 
in n-value was observed on both green and red bands, and the slope of two lines seemed to be 
parallel. In general, the n-value is related to UC mechanism and directly involves with the ratio 
of activator/sensitizer in host crystal matrix. Hence, at this condition (x ≤ 1), the amount of Er3+ 
and Yb3+ in the host crystal matrix may increase equally from the beginning until at x = 1 with 
the same ratio. Besides, it is possible that the Er3+/Yb3+ pairs of ions are possibly formed in the 
host crystal. Further increase of ZnO amount x > 1, the n-value for the green band gradually 
decreased, but n-value for the red band sharply decreased. At this condition (x ˃  1), it is obvious 
that the amount of Er3+ and Yb3+ in the host crystal matrix decreases. In this phosphor system, 
the increase and decrease of the amount of RE3+ ions in host crystal matrix depend mainly on 
the number of vacant sites including the performance of the incorporation of RE3+ ions into the 
host material. With overall result in Figure 3.37, it can be summarized that, under the constant 
number of vacant site, the performance in the substitution of Er3+ in host crystal matrix is higher 
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than Yb3+ because of the constant change in tendency line of green band and inconstant change 
in tendency line of red band (green and red bands are directly related to Er3+ and Yb3+, 
respectively, as described in section 3.3.9). Besides, by considering the changes in tendency 
line, it could be implied that the prior ion for the substitution in host crystal matrix should be 
Er3+ and further Yb3+ would enter some part of vacant site. 
 
 
 
 
 
 
 
 
 
Figure 3.36. Pump power dependent UC of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ 
and 9 mol% Yb3+ fired at 1300 °C, and irradiated with a 980-nm, 15-196 mW laser. Reproduced 
with permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. Copyright (2017) 
Elsevier Ltd and Techna Group S.r.l. 
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Figure 3.37. The n-values of red (657 nm and 675 nm) and green (544 nm and 559 nm) 
emission bands versus various ZnO/TiO2 mixing ratios doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C. Reproduced with permission from Kobwittaya et al., Ceram. Int., 43 
(2017) 13505-13515. Copyright (2017) Elsevier Ltd and Techna Group S.r.l. 
The schematic energy level diagram of Er3+ and Yb3+, and proposed UC mechanism in ZnO-
TiO2 composite containing Er3+ and Yb3+ under a 980-nm laser excitation is depicted in Figure 
3.38. The 980-nm laser excites the 2F7/2 state of Yb3+ and 4I15/2 state of Er3+ to the 2F5/2 and 4I11/2 
states, respectively, by the ground state absorption (GSA) process. Besides, the energy in 2F5/2 
state of Yb3+ drops back in the form of nonradiative transition to the ground state 2F7/2 due to 
excess energy which is associated with lattice vibrations of host material. Taking into account 
the long lifetime of the excited 2F5/2 level of Yb3+ (typically one millisecond), Yb3+ may well 
transfer the excitation energy (as expressed as ET) to Er3+ with higher probability than decaying 
the excited energy to its ground state [46]. Thus, the energy is transferred to the neighboring 
Er3+, resulting in the population of 4I11/2 state. Further, the multi-phonon relaxation (MPR) 
process occurs, the energy in 4I11/2 state decays to 4I13/2 state and then the energy is populated 
to 4F9/2 state by excited state absorption process 1 (ESA1). Meanwhile, Yb3+ repeatedly absorbs 
the photon energy from excitation source, leading to more energy transfer to the adjacent Er3+, 
and the 4F9/2 and 4F7/2 states are populated by ESA2. Subsequently, the electrons relax to the 
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2H11/2, 4S3/2, and 4F9/2 states as non-radiative (NR) process. According to the results that the 
products show higher red emission intensity than green emission one, they are related to the 
energy relaxation from 4F9/2 state to 4I9/2 state that leads to the increase of energy in the range 
of red emission. Thus, the bright red UC emission is observed due to the 4F9/2 → 4I15/2 transition 
of Er3+. 
 
 
 
 
 
 
  
  
  
  
  
 
 
 
Figure 3.38. Energy level diagram illustrating the proposed energy transfer mechanisms of 
ZnO-TiO2 doped with 3 mol% Er3+ and 9 mol% Yb3+ under a 980-nm laser excitation. 
Reproduced with permission from Kobwittaya et al., Ceram. Int., 43 (2017) 13505-13515. 
Copyright (2017) Elsevier Ltd and Techna Group S.r.l. 
3.3.12 The saturation effect in the upconversion luminescence (UCL) intensity and its 
influence on the change in n-value 
For UC mechanism, even though the two-photon process corresponds to the n-value equal to 
approximately two but the dependence of UCL intensity on pump power is also expected to 
decrease in n-value with increasing excitation power. This experimentally observed behavior is 
theoretically proven by Pollnan et al. [44] who reported that this phenomenon was attributed to 
the saturation process of UCL intensity. According to their report, the saturation effect in the 
UCL intensity was mostly caused by the competition between linear decay and UC processes 
for the depletion of the intermediate excited states. This behavior can be conceived by 
considering the significant models suggested by Pollnan et al. [44], Suyver et al. [45], and 
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Agazzi et al. [47]. Their models were based on the same underlying UC mechanism which was 
the simplest UCL system (related to two-photon process), consisting of ground state (G), 
intermediate excited state (E1), and UCL state (E2). Keeping on the simplest system together 
with the relationship between UC emission intensity I and pump power P (I ∝ Pn), it was 
anticipated that I was proportional to P2 (n-value ~ 2) when the linear decay of the E1 was the 
dominant depletion mechanism, while I was proportional to P1 (n-value ~ 1) when the UC 
process of the E1 was the dominant mechanism. Notably, these results were proved by 
presuming that the system was under steady-state excitation. In addition, Lei et al. [48] reported 
the steady-state UCL dynamic equations of the UC process that were concerned with the two 
step ET between neighboring Er3+ and Yb3+, and their model was different from the original 
one [44]. Nevertheless, their result was also similar to that deduced in [44] and the discussion 
mentioned above. Hence, in the easiest way to conclude the change in n-value in UCL system, 
it should be referred to the “saturation effect” for the perception in detail. According to the  
I ∝ Pn, the plotting of I versus P via log-log scale yields a straight line with slope n. Basically, 
the slope n decreases with increasing P because the system is moved toward the saturation state 
of UCL intensity by the increment of P. With this concept, at the intermediate excited state,  
if the linear decay is the dominant depletion mechanism, UCL intensity will be released without 
the influence of saturation effect because the energy is not abundant in the UCL state and the 
n-value for this case should be close to two or equal two. On the other hand, if the UC process 
is the dominant depletion mechanism, the energy will be numerous in the UCL state, causing 
to the saturation effect in UCL intensity and the n-value will be decreased to around one. 
Therefore, the saturation effect caused by the competition of linear decay and UC processes is 
the considerable reason for the depletion of the intermediate excited state, influencing to the 
reduction of n-value [44,45,49,50]. 
In this study, the n-value for green emission was around 0.95, while n-value for the red emission 
was around 1.33. This could be ascribed to the difference of the intermediate excited state 
between the green and red emissions. For the green emission, the intermediate excited state is 
4I11/2 of Er3+, and the UC process and linear decay at this excited state are ESA2 from the 4I11/2 
→ 4F7/2 and MPR from 4I11/2 → 4I13/2, respectively. Because of the n-value that is approximately 
one for the green emission, therefore, the UC process (ESA2) is the dominant depletion 
mechanism which causes the saturation effect in UCL intensity and the decrease in n-value.  
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In the case of red emission, the intermediate excited state is 4I13/2 of Er3+ and the reduced  
n-value is related to the competition between UC process (ESA1: 4I13/2 → 4F9/2) and linear decay 
(4I13/2 → 4I15/2). However, the n-values for red emission tended towards one, therefore, the UC 
process is dominant mechanism for the depletion of the intermediate state 4I13/2 of Er3+, leading 
to the diminution of n-value and the saturation effect in UCL intensity. Also, there are minor 
possibilities which would have influence on the decrease in n-value such as the ET processes 
to impurity defects, cross-relaxation, or other complicated processes, which can also give rise 
to the depletion of the intermediate excited states of Er3+ and Yb3+ [44,45,47,51]. 
3.3.13 Comparison of upconversion (UC) emission intensity of phosphors prepared by 
solid-state reaction and powder-solution mixing methods  
The solid-state reaction (SSR) and powder-solution mixing (PSM) methods are the similar 
technique, and the raw mixture of both procedures is in the powder form. Hence, by using these 
two methods to fabricate UC phosphors, they can only be obtained in the form of powder  
(by sintering raw mixture directly) or pellet (compaction of raw mixture before sintering). 
Nevertheless, as mentioned in the process of SSR, the main problems of this preparation method 
are the inhomogeneity of phosphor for both pellet and powder forms, and low luminescence 
emission intensity of phosphor powder even irradiated by high power laser output. For the 
phosphor pellet and powder, the inhomogeneity will lead to the change in luminescence 
emission intensity with different positions over the whole surface of the product. For the 
phosphor powder, it normally shows lower emission intensity than phosphor pellet because the 
contact distance of reactants is not adequate to provide efficient diffusion process, causing to 
the lower number of dopants within the host material. With these disadvantages of SSR method, 
therefore, the PSM method is proposed as the optional technique to produce the UC phosphor 
with homogenous phase and high luminescence emission intensity for both powder and pellet 
forms. 
In this section, the UC phosphors prepared by SSR and PSM methods will be compared by 
considering the products with the same physical characteristic (pellet (SSR) / pellet (PSM) and 
powder (SSR) / powder (PSM)) and their UC emission intensity. The phosphor pellets were 
prepared with the optimum condition presented by Luitel et. al. [21], ZnO:TiO2 = 1:1 (in mole) 
doped with 2 mol% Er3+ and 6 mol% Yb3+ fired at 1200 °C for 4 h, for both SSR and PSM 
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methods. The phosphor powders were prepared with the optimum condition presented in this 
chapter; ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% Yb3+ fired at 1300 °C 
for 1 h, for both SSR and PSM methods. Besides, to acquire the reliable result, the UC emission 
intensity of each sample was measured at different positions of its surface. The results of these 
comparisons will be discussed below.  
In the case of phosphor pellet, according to the photograph in Figure 3.39, the physical 
characteristics of the samples prepared by SSR and PSM were different. After firing at 1200 °C 
for 4 h, the SSR sample showed small decrease in the size of the pellet, while the PSM sample 
showed larger decrease. Also, each sample demonstrated dissimilar colors, pink and orange, for 
SSR and PSM samples, respectively. These miscellaneous changes are caused by the complex 
and dissimilar reaction mechanisms between raw precursors of each preparation method. For 
example, taking into account the thermal reaction of the sample, the SSR raw mixture mainly 
contains the oxide reactants and organic solvent, therefore, only decomposition and burning 
processes take place during the phosphor formation. On the other hand, the PSM raw mixture 
chiefly comprises of oxide reactants, nitrate reactants, and moisture. So, there are more than 
two processes to finalize the phosphor pellet. This difference is one of the possibilities that leads 
to the changes in physical characteristics of both SSR and PSM phosphor pellets. 
The UC emission spectra of both fired samples are measured at different positions of its surface 
and the results are shown in Figure 3.40 and Figure 3.41. The inset shows the photograph of 
the measured positions. The results showed that both samples exhibited the same peak emission 
wavelengths which were at 544 and 559 nm for green region, and 657 and 675 nm for red 
region. Also, the maximum emission intensity of both samples was almost at the same level. 
However, in the red region, the maximum emission intensity of SSM sample was at 657 nm but 
PSM sample was at 675 nm. The different formation processes may cause this behavior.  
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Figure 3.39. Photograph of ZnO:TiO2 = 1:1 (in mole) doped with 2 mol% Er3+ and 6 mol% 
Yb3+ phosphor pellets (before and after firing) prepared by solid-state reaction and powder-
solution mixing methods. 
 
 
 
 
 
 
 
 
 
Figure 3.40. UC emission spectra at different positions of pellet surface of the phosphor 
(ZnO:TiO2 = 1:1 (in mole) doped with 2 mol% Er3+ and 6 mol% Yb3+ fired at 1200 °C for 4 h) 
prepared by solid-state reaction method, and irradiated with a 980-nm 70 mW laser. The inset 
shows the photograph of the corresponding measured positions as labeled. 
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Figure 3.41. UC emission spectra at different positions of pellet surface of the phosphor 
(ZnO:TiO2 = 1:1 (in mole) doped with 2 mol% Er3+ and 6 mol% Yb3+ fired at 1200 °C for 4 h) 
prepared by powder-solution mixing method, and irradiated with a 980-nm 70 mW laser. The 
inset shows the photograph of the corresponding measured positions as labeled. 
Focusing on the UC emission intensity at various measured positions of each phosphor pellet, 
it was obvious that the emission intensity of PSM sample was more well-distributed over the 
whole surface than that of SSR sample. This can be explained as follows. The SSR method 
provides the direct reaction between the reactants (solid-solid reaction) at high temperature via 
diffusion process, therefore, the inhomogeneity of the product may take place due to the 
incomplete mixing of raw materials and the formation process. On the other hand, the PSM 
method involves various blending steps based on the mixing of nitrate-based compounds, sol 
solution, and solid particles in deionized water. Due to the use of dopants in the form of solution 
and the preparation via liquid-phase mixing, the PSM method results in the complete mixing of 
raw materials and the homogeneity of raw mixture. For this reason, in the case of PSM sample, 
the dopants are well-distributed over the raw mixture and they easily get into the host material 
more than in the case of SSR sample. Hence, higher homogeneity of the product can be 
obtained. 
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For the phosphor powder, the UC emission spectra of both fired samples are also measured at 
different positions of its surface and the results are shown in Figure 3.42 and Figure 3.43. The 
inset shows the photograph of the measured positions. The results showed that both samples 
showed the same peak emission wavelengths as observed in phosphor pellet which were at 544 
and 559 nm for green region, and 657 and 675 nm for red region. So, it can be concluded that 
ZnO-TiO2 composite doped with Er3+ and Yb3+ exhibits the particular emission wavelength for 
green and red bands, even if the preparation method and physical characteristics are dissimilar. 
In addition, it is clear that the emission intensity of PSM sample is more well-distributed than 
that of SSR sample either. This must be due to the same reason as mentioned above about 
phosphor pellet. However, the emission intensity of phosphor powder is usually lower than that 
of phosphor pellet because the bulk density of powder mixture, which relies on how intimately 
individual particles pack together, directly affects the formation process of phosphor powder.  
 
 
 
 
 
 
 
 
  
 
 
Figure 3.42. UC emission spectra at different positions of powder surface of the phosphor 
(ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% Yb3+ fired at 1300 °C for 1 h) 
prepared by solid-state reaction method, and irradiated with a 980-nm 110 mW laser. The inset 
shows the photograph of the corresponding measured positions as labeled. 
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Figure 3.43. UC emission spectra at different positions of powder surface of the phosphor 
(ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% Yb3+ fired at 1300 °C for 1 h) 
prepared by powder-solution mixing method, and irradiated with a 980-nm 110 mW laser. The 
inset shows the photograph of the corresponding measured positions as labeled. 
Basically, raw powder mixture prepared by SSR and PSM methods demonstrates dissimilar 
bulk density due to the difference of physical appearances of reactants, the type of solvent used, 
and the mixing process. Herein, the PSM powder sample shows higher bulk density than SSR 
powder sample because the PSM method provides very short contact distance of reactants due 
to the solution processing and dissolution process which result in the dense powder. In 
comparison, the powder sample prepared by SSR method provides longer contact distance of 
reactants because the mixing of solid reactants is hard to obtain the dense powder due to their 
morphology, shape, and size of particles, and these are the main reason that gives rise to 
inefficient diffusion process, leading to the low emission intensity of SSR phosphor powder. 
It is worth noting that these comparisons focus only on the homogeneity of the phosphor by 
considering the UC emission intensity of the sample under the same physical characteristic and 
condition. However, the conditions used for PSM phosphor pellet and SSR phosphor powder 
are not the optimum condition for them to emit the strongest emission intensity. Additionally, 
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it should be noted that the phosphor powder produced by grounding phosphor pellet 
demonstrates lower emission intensity than directly preparing phosphor powder and phosphor 
pellet due to the change in their bulk density. For the phosphor pellet fabricated by compacting 
phosphor powder, it shows the instability of the product because the phosphor powder cannot 
attach to form stable phosphor pellet. So, this means is not appropriate for making phosphor 
pellet.   
Eventually, it can be summarized that, for the Er3+/Yb3+ co-doped ZnO-TiO2 composite 
phosphor, these two methods show the same optimum ZnO/TiO2 mixing ratio = 1:1 (in mole), 
even if the optimum firing temperature, preparation time, and dopant concentration are 
different; 1200 °C for 4 h (SSR) and 1300 °C for 1 h (PSM), 2 mol% Er3+/6 mol% Yb3+ (SSR) 
and 3 mol% Er3+/9 mol% Yb3+ (PSM). The dissimilar formation processes of the products and 
the process of incorporation of RE3+ ions into the host material may cause these differences. In 
general, Er3+ and Yb3+ get into the host material by diffusion-based and dissolution/diffusion-
based processes for SSR and PSM methods, respectively. In addition, it is obvious that, for 
ZnO-TiO2:Er3+/Yb3+ phosphor, the product prepared by PSM method presents great potential 
for enhancing the UC phosphor to be more homogenous phase than SSR method, becoming the 
leading cause of the increase in the amount of dopant ions (concentration used increases either) 
inside the host material. 
3.4 Conclusion 
Er3+ and Yb3+ co-doped ZnO-TiO2 composite UC phosphors were successfully synthesized by 
powder-solution mixing method. When the product was excited by a 980-nm laser, two UC 
emission bands were observed in the emission spectra, green band centered at 544 and 559 nm, 
and red band centered at 657 and 675 nm which were in accordance with 2H11/2, 4S3/2 → 4I15/2 
and 4F9/2 → 4I15/2 transitions of Er3+, respectively. The green and red emission intensities 
reached a maximum value in the sample containing 3 mol% Er3+ and 9 mol% Yb3+. The 
optimum mixing ratio of ZnO/TiO2 was ZnO:TiO2 = 1:1 (in mole). Brightest UCL of ZnO-TiO2 
composite doped with Er3+ and Yb3+ occurred when the system consisted of mixed phases; 
Zn2TiO4, TiO2, RE2Ti2O7, and RE2TiO5 (RE = Er3+ and/or Yb3+). 
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The site preference of Er3+ and Yb3+ in Zn2TiO4 host crystal matrix was discussed in detail. The 
most possibility of this site preference should be at the vacant Zn site in octahedral ሺVZn(oct)'' ሻ 
that would appear when there were excess TiO2 in the system and followed by the incorporation 
of RE3+ ions into Zn2TiO4 crystal structure. The Er3+ and Yb3+ went to ሺVZn(oct)'' ሻ easier than 
occupied Zn2+ or Ti4+ sites, and vacant Zn site in tetrahedral ሺVZn(tet)'' ሻ due to the mismatch ionic 
radii and different electronic charges of Er3+ and Yb3+, and Zn2+ or Ti4+, including inappropriate 
radius of ሺVZn(tet)'' ሻ, So, the possible site preference of RE3+ ions in Zn2TiO4 crystal matrix is 
(ZnZn)2(tet)(ሺREZn∙ + TiZn∙∙ ሻ	+ TiTi)4(oct)(Oox)8 that equals to theoretical site AB2O4 type of Zn2TiO4 
crystal structure. Besides, this phenomenon is mostly expressed in the changes in unit cell 
parameter of Zn2TiO4 crystal, which lead to the decrease in its lattice constant and lattice 
volume. 
In addition, the comparison of the optimum mixing ratio and dopant concentration of ZnO-
TiO2:Er3+/Yb3+ phosphors prepared by solid-state reaction and powder-solution mixing 
methods was discussed in detail. Even though the optimum firing temperature and preparation 
time were different, 1200 °C for 4 h (solid-state reaction method) and 1300 °C for 1 h (powder-
solution mixing method), but these two methods showed the same optimum ZnO/TiO2 mixing 
ratio = 1:1 (in mole). The most effective product that was synthesized by solid-state reaction 
method showed the optimum dopant concentrations at 2 mol% Er3+ and 6 mol% Yb3+, while 
using powder-solution mixing method, the optimum dopant concentrations were 3 mol% Er3+ 
and 9 mol% Yb3+. The dissimilar formation processes of the products and the process of 
incorporation of RE3+ ions into the host material may cause these differences. In general, Er3+ 
and Yb3+ get into the host material by diffusion-based and dissolution/diffusion-based processes 
for SSR and PSM methods, respectively. In addition, it is obvious that, for ZnO-TiO2:Er3+/Yb3+ 
phosphor, the product prepared by PSM method presents great potential for enhancing the UC 
phosphor to be more homogenous phase than SSR method, becoming the leading cause of the 
increase in the amount of dopant ions (concentration used increases either) inside the host 
material. 
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Chapter IV  
 
 
Upconversion luminescence of ZnO-TiO2: Ho3+/Yb3+ phosphor powder 
 
4.1 Introduction 
Photon upconversion (UC) is a nonlinear optical process that involves the absorption of two or 
more low energy photons by way of intermediate long-lived energy states, leading to the 
emission of higher energy photon. Due to the distinct energy states of the trivalent rare earth 
(RE3+) ions which are appropriate for UC process, the upconverters containing RE3+ ions 
exhibit the superior UC infrared to visible performance [1-3]. The RE3+ ions used in UCL 
materials have the intra-4f electronic orbitals which are shielded by the outer 5s and 5p orbits, 
resulting in the excellent luminescence characteristics [3]. Theoretically, there are two functions 
of RE3+ ions after doped into a host material. One is employed as the luminescent center which 
mainly exhibits the radiation and is called an activator, and the other ion absorbs the excited 
energy efficiently and then transfers that energy to the activator. Among various RE3+ ions, 
Yb3+ is often selected as sensitizer because of its large absorption cross-section around 980 nm, 
leading to efficient absorption of pump energy [4]. In the case of activator, Er3+ and Ho3+ are 
the most commonly used ions for the fabrication of UC phosphor because of their plentiful 
electronic energy levels [5,6]. 
Host material is also important to produce efficient UC phosphor. According to many 
researches in the field of UC phosphor, the most efficient host is fluoride-based material 
because fluorides usually exhibit low phonon energy about 350 cm-1 and high chemical stability 
[7]. Nevertheless, they are hygroscopic and are of limited use. In comparison, oxide-based 
materials demonstrate higher chemical and thermal durability, hence, oxides with low phonon 
energy may have more promising applications [8]. Among various oxide-based materials, ZnO-
TiO2 composite is considered as potential UC host material because of its stable product, 
Zn2TiO4, that shows great potentials for being a good optical host, for example high thermal 
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stability due to its inverse spinel structure, high value of refractive index n = 2.1 [9], and low 
phonon energy around 721 cm-1 [10]. 
In a series of reports regarding UCL from ZnO-TiO2 composite phosphors, the reports showed 
the results of only one system, Er3+/Yb3+ co-doped ZnO-TiO2 composite prepared by solid state 
reaction method and metal-organic decomposition (MOD), and their products exhibited only 
the intense visible UC emission in the range of red emission band [11-14]. To obtain a variety 
of luminescence emission colors, the Ho3+/Yb3+ system has gained much attention due to its 
two possible UC emissions, green light (495-550 nm) and red light (620-750 nm) [15,16]. With 
these conceivable colors, therefore, host materials containing Ho3+/Yb3+ system have been 
studied for applying in many applications such as Ca5(PO4)3F: Ho3+/Yb3+ for biomedical [17] 
and Gd2O3: Ho3+/Yb3+ for fingermark detection [18]. 
In this chapter, the details are provided based on the final product in the form of powder, 
therefore, only solid-state reaction method is considered to compare with the new proposed 
method, powder-solution mixing method, presented in this study because of the similarity of 
formation process and of the characteristic of the final product. Concerning the mechanism of 
solid-state reaction method, RE3+ ions diffuse into a host material at high temperature, obtaining 
low homogenous phase of the product. Hence, in this study, a systematic preparation of 
Ho3+/Yb3+ co-doped ZnO-TiO2 composite phosphor prepared by powder-solution mixing 
method was performed. With this method, the product was formed by the reaction between 
mixed RE3+ ions solution, fine TiO2, and ZnO powders, resulting in more homogenous phase 
of the product. Additionally, the effect of ZnO/TiO2 mixing ratio, Ho3+ and Yb3+ doping 
concentrations, and their ratios on the crystal phase and UCL properties were investigated. To 
understand the UC mechanism of Ho3+/Yb3+ co-doped ZnO-TiO2 composite phosphor, the 
dependence of UC emission intensity on the excitation power was calculated and discussed in 
detail. 
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4.2 Experimental 
4.2.1 Chemicals 
The starting materials in this study were: zinc oxide (ZnO; NanoTek, ~34 nm, 99%), titanium 
dioxide sol solution (TiO2; Ishihara Sangyo Kaisha, 39.5 wt.%), holmium (III) nitrate 
pentahydrate (Ho(NO3)3.5H2O; Aldrich, 99.9%), and ytterbium (III) nitrate pentahydrate 
(Yb(NO3)3.5H2O; Aldrich, 99.9%). 
4.2.2 Sample preparation 
Ho3+ and Yb3+ co-doped ZnO-TiO2 composite system was synthesized via powder-solution 
mixing method. The starting materials were thoroughly mixed by a high power-mixer using 
deionized water. Various ZnO-TiO2 composite samples containing different ZnO/TiO2 mixing 
ratios were prepared by varying ZnO contents (expressed as x mole), while keeping constant 
TiO2 (1 mole). The x-value changed from x = 0.5-1.5 and the sample was named as ZxT1.  
In the case of dopants, Ho3+ and Yb3+ concentrations varied from 0-0.05 mol% and 0-12 mol%, 
which were calculated based on TiO2 content, respectively. After thoroughly mixing, the sample 
was dried at 90 °C in drying oven for 12 h and then fired in an air atmosphere with various 
temperatures 800-1400 °C for 1 h. To obtain the final product, the fired sample was grounded 
using Vibrating Sample Mill (HEIKO, TI-100). The complete preparation scheme is shown in 
Figure 4.1. 
4.2.3 Characterizations 
Thermogravimetric and differential thermal analysis (TG-DTA) of raw material and raw 
mixture was carried out using a SEIKO EXSTAR6000 TG/DTA6300 instrument. About 10 mg 
of each sample were heated from room temperature to target temperature at heating rate of 10 
°C/min. The crystal phase identification was analyzed using X-ray diffraction (XRD),  
a Shimadzu XRD-6300 instrument with CuKα radiation in the range of 2θ = 10-80°. In this 
study, the phase composition was approximated by calculating as relative phase content via 
pseudo-quantitative analysis related to equation (4.1). 
Relative phase content = I(phase) / I(total)                                                                              (4.1)
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0.5 to 1.5  
mol 
0 to 0.05 
 mol% 
0 to 12 
 mol% 
where I(phase) is the intensity of selected peak from a main peak position that consists of only 
one phase; I(311) for Zn2TiO4, I(110) for TiO2, I(004) for RE2Ti2O7, and I(102) for RE2TiO5; and I(total) 
is the intensity summation of all selected peaks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Flow chart for the preparation of ZnO-TiO2:Ho3+/Yb3+ phosphor by powder-
solution mixing method. 
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The microstructure of the samples was characterized by scanning electron microscopy (SEM), 
a Hitachi S-3000N instrument. Before SEM measurement, the sample was mounted securely 
by means of conductive carbon tape. Subsequently, the sample was coated with a thin layer of 
Pt-Pd (coating time of 90 s, around 5 nm thickness) under vacuum condition (vacuum-argon 
gas flushing) by ion sputter (Hitachi, E-1030). 
The elemental composition analysis was carried out using X-ray fluorescence spectroscopy 
(XRF), a Shimadzu Energy Dispersive X-ray Fluorescence Spectrometer (Rayny EDX-800HS) 
instrument. The UC emission behavior excited by a 980-nm continuous waveform laser was 
recorded from 250-800 nm spectral range using USB 4000 UV-VIS-NIR miniature fiber optic 
spectrometer (Ocean optics), having spectral resolution 1.34 nm (full width at half maximum, 
FWHM) and slit width 25 µm. A continuous waveform laser equipped with variable power 
output (0-200 mW) was used as a pumping source to stimulate electrons in RE3+ ions to consider 
the change in luminescence emission intensity for explaining the UC mechanism. All samples 
were measured at room temperature. 
4.3 Results and discussion 
4.3.1 Thermogravimetric and differential thermal analysis (TG-DTA) of raw material 
To comprehend the formation of the final product, it is necessary to observe the thermal 
behavior of the raw mixture. As shown in Figure 4.2, the TG-DTA measurement was carried 
out in the temperature range from room temperature (25 °C) to 1300 °C for a representative 
sample (raw mixture of the most efficient product), and it was obvious that no thermal effect 
and no further weight loss were observed after 600 °C. So that, to explain this result in detail, 
the TG-DTA of each raw material was investigated by considering the thermal processes of 
each raw material in the temperature range from room temperature to 600 °C. The TG-DTA 
curves of ZnO powder, TiO2 sol solution, and Yb(NO3)3.5H2O will not be provided in this 
chapter because they can be referred to as mentioned earlier in Chapter III, section 3.3.1. 
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Figure 4.2. TG-DTA curves in the temperature range from room temperature (25 °C) to 1300 
°C for ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ dried at 90 °C. 
4.3.1.1 Ho(NO3)3.5H2O 
The TG-DTA curves of Ho(NO3)3.5H2O are shown in Figure 4.3. There were nine endothermic 
processes, covering total weight loss about 60% which was in accordance with the temperature 
range from room temperature (25 °C) to 535 °C. The first process (No.1) was due to the melting 
of material because the physical change occurred during the increase of temperature [19-21]. 
Further, the process No.2 to No.6 were the dehydration and evaporation processes that agreed 
with the change in compositions from Ho(NO3)3.5H2O to Ho(NO3)3. Also, it could be well 
thought-out that the process No.2 to No.6 were the overlapping endothermic mass loss process. 
The dehydration and evaporation processes were confirmed by the calculation of the change in 
observed weight losses for each process which were close to theoretically calculated for 
releasing 5 moles of water (Table 4.1). Later, the process No.7 to No.9 were the decomposition 
process which decayed Ho(NO3) to HoO0.5(NO3). Considering the process No.7 and No.8 that 
showed strong endothermic process, peaking at around 353 °C and 479 °C, respectively, these 
two peaks were related to NOx by-product formation during the decomposition process [19]. 
In the last process (No. 10), the final product was Ho2O3 that came from the decomposition 
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process of HoO0.5(NO3). Eventually, there was only one remaining product, Ho2O3, and no 
thermal effect and no further weight loss were observed. Until now, there is no proof of the 
decomposition of holmium nitrate, but according to Balboul’s reports [19-21], Yb2O3, Ho2O3, 
and Er2O3 were the final decomposition product of the reactants that contained rare earth 
element. Hence, all nitrate molecules could be totally decomposed at high temperature 
especially over 500 °C. The summarized data from TG-DTA result of Ho(NO3)3.5H2O is shown 
in Table 4.1 and it is worth noting that all compositions (except Ho2O3) presented in Table 4.1 
are anticipated based on the calculation of the change in theoretical weight loss of each 
compound that mainly concerns the observed weight loss at specific temperature. Atomic 
weights used for calculating theoretical weight loss are Ho = 164.930, N = 14.007, H = 1.008, 
and O = 15.999. 
 
 
 
 
 
 
 
 
  
  
  
  
 
 
 
Figure 4.3. TG-DTA curves in the temperature range from room temperature (25 °C) to 600 
°C for Ho(NO3)3.5H2O. 
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Table 4.1. Thermal processes of Ho(NO3)3.5H2O; experimental and theoretical weight losses, 
corresponding temperature point, and composition proposed in each process. 
Process 
Accumulated 
weight losses (%) 
[observed] 
Accumulated 
weight losses (%) 
[theoretical]  
Temperature (°C) Composition 
Start - - - Ho(NO3)3.5H2O
1 - Melting 55 Ho(NO3)3.5H2O
2 3.7 4.09 84 Ho(NO3)3.4H2O
3 8.3 8.34 132 Ho(NO3)3.3H2O
4 11.2 12.79 153 Ho(NO3)3.2H2O
5 17.9 17.45 230 Ho(NO3)3.H2O 
6 22.2 22.33 254 Ho(NO3)3 
7 43.1 44.56 353 HoNO2(NO3) 
8 54.2 55.55 479 HoO(NO3) 
9 59.0 58.84 535 HoO0.5(NO3) 
10 > 59.0 > 58.84 > 535 Ho2O3 
4.3.2 Thermogravimetric and differential thermal analysis (TG-DTA) of ZnO:TiO2 = 1:1 
(in mole) doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ dried at 90 °C 
To verify the thermal stability of ZnO-TiO2 doped with Ho3+and Yb3+, the TG-DTA was 
conducted using the raw mixture dried at 90 °C. As shown in Figure 4.4, there were four 
endothermic peaks at 37.8 °C, 80.8 °C, 112.1 °C, and 174.8 °C (No.1 to 4) in the DTA curve, 
and the corresponding weight loss was about 0.30%, 1.32%, 2.25%, and 4.95%, respectively, 
which it could be inferred that the surface-absorbed water of the dried mixture was evaporated. 
This phenomenon agreed with the TG-DTA results of raw materials mentioned previously. 
Further, in the temperature range from 175-320 °C, there was a process which might be 
classified as endothermic process and the weight loss in this temperature range was around 6%. 
According to the TG-DTA results of raw materials, the process that was responsible for this 
weight loss was the dehydration and decomposition processes that, in this analysis, it would 
take place at the same time. Later, there was one exothermic peak (No.5) which might come 
from the surfactant decomposition process that was mentioned previously in the case of TG-
DTA of TiO2 sol solution (Chapter III, section 3.3.1.2) because it showed the similar weight 
loss (around 2%) at the similar temperature (around 300 °C). Focusing on the TG-DTA results 
of Yb(NO3)3.5H2O (Chapter III, section 3.3.1.3) and Ho(NO3)3.5H2O, there were at least two 
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peaks related to the NOx by-product formation during the thermal process in the temperature 
range from 250-480 °C, but this analysis did not show the obvious peak of that process because 
of the low content of nitrate. Under between 480-600 °C, a very small change in the weight loss 
was observed, indicating that the decomposition of this mixture almost completed at this stage. 
From all TG-DTA results, it can be concluded that the significant point is the total weight losses 
of ZnO and TiO2 contents in the temperature range from room temperature to 600 °C around 
1.2% and 4%, respectively. These weight losses may have the influences on the formation of 
target host material and a little change in stoichiometric of ZnO/TiO2 mixing ratio. 
 
 
 
 
 
 
 
 
 
  
  
 
 
 
Figure 4.4. TG-DTA curves in the temperature range from room temperature (25 °C) to 600 
°C for ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ dried at 90 °C. 
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4.3.3 Effect of firing temperature on crystalline phase 
The crystalline phase of the products, ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ 
and 9 mol% Yb3+ dried and fired at various temperatures (90-1400 °C), was identified using 
XRD analysis. To comprehend how to obtain the optimum firing temperature, the explanation 
is separated into two sets based on the temperature used and the physical appearance of the 
products; from 90 to 1300 °C (Figure 4.5) and 1300 to 1400 °C (Figure 4.7).  
 
 
 
 
 
 
 
  
  
  
  
  
 
Figure 4.5. XRD patterns of ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ and  
9 mol% Yb3+ dried and fired at various temperatures (90-1300 °C). 
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According to Figure 4.5, the raw mixture (prepared at 90 °C) composed of two phases, ZnO 
(JCPDS: 36-1451) and anatase TiO2 (JCPDS: 21-1272). Further increasing temperature, at 800 
°C, Zn2TiO4 phase (JCPDS: 25-1164) occurred as the dominant peak together with the decrease 
in ZnO and anatase TiO2 phase contents. Subsequently, at 1000 °C, Zn2TiO4 phase kept in the 
main peak, but ZnO and anatase TiO2 phases disappeared. In the meantime, the small peak of 
rutile TiO2 (JCPDS: 21-1276) phase was in sight. At higher firing temperature (1100-1300 °C), 
the final product of all samples consisted of four phases; Zn2TiO4, rutile TiO2, RE2Ti2O7 
(Ho2Ti2O7, JCPDS: 23-0283 and/or Yb2Ti2O7, JCPDS: 17-0454), and RE2TiO5 (Ho2TiO5 and/or 
Yb2TiO5) [22]. The SEM analysis of these six processed phosphor powders is shown in Figure 
4.6. It was observed that all samples had different morphological structures, depending on each 
temperature used. In the figure, these observed microstructures are similar to the case of ZnO-
TiO2:Er3+/Yb3+ phosphor presented in Chapter III. Therefore, the explanation about these 
morphologies can be referred to as mentioned earlier in Chapter III, section 3.3.4. 
The XRD patterns of the samples fired at higher temperature (1350-1400 °C) are shown in 
Figure 4.7. At 1350 °C, the dominant Zn2TiO4 phase was still observed along with rutile TiO2, 
RE2Ti2O7, and RE2TiO5 phases. Moreover, two phases of aluminium compound, Al2O3 [22] 
and Al2TiO5 phases (JCPDS: 26-0040), were detected. Further increasing firing temperature 
(1400 °C), Al2O3 became the main phase and at the same time, Zn2TiO4, rutile TiO2, RE2Ti2O7, 
RE2TiO5, and Al2TiO5 phase contents decreased. Corresponding photograph of the sample fired 
at 1300 °C, 1350 °C, and 1400 °C is presented in Figure 4.8. 
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Figure 4.6. SEM images of ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ and 9 mol% 
Yb3+ dried and fired at various temperatures (90-1300 °C). 
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Figure 4.7. XRD patterns of ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ and  
9 mol% Yb3+ fired at various temperatures (1300-1400 °C). 
 
 
 
 
 
 
 
 
 
 
Figure 4.8. Photograph of ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ and 9 mol% 
Yb3+ fired at (a) 1300 °C, (b) 1350 °C, and (c) 1400 °C. 
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This photo shows the difference of physical characteristics of the samples. Taking into account 
the color of samples, it was clear that the color was different; white, dark purple, and purple for 
the sample fired at 1300 °C, 1350 °C, and 1400 °C, respectively. Considering the external 
structure of each sample, the sample fired at 1300 °C kept the powder state and was easily 
removed from the combustion boat. However, at 1350 °C and 1400 °C, both samples became 
very stiff and could not be removed from the combustion boat. These samples turn into the solid 
body because they are in the form of liquid phase at high temperature, afterward the rigid body 
is generated during the cooling down. The explanation about these behaviors can be referred to 
as mentioned previously in Chapter III, section 3.3.4.   
 
 
 
Figure 4.9. Digital microscopes (200x magnification) of ZnO:TiO2 = 1:1 (in mole) doped with 
0.03 mol% Ho3+ and 9 mol% Yb3+ fired at (a) 1300 °C, (b) 1350 °C, and (c) 1400 °C. 
Figure 4.9 shows the digital microscope (200x magnification) of the products fired at 1300 °C, 
1350 °C, and 1400 °C. Photograph (a) showed that the sample did not combine with the 
combustion boat, but photograph (b) and (c), the sample merged with the combustion boat. 
Besides, there were holes that would be generated during the melting of sample at 1350 °C and 
1400 °C. With these physical characteristics of the samples fired at 1350 °C and 1400 °C, it 
was clear that the combustion boat of sample fired at 1400 °C melted more than that of the 
sample fired at 1350 °C. Besides, these phenomena can be used to confirm the explanation 
described previously in Chapter III, section 3.3.4 about the formation of Al2O3 and Al2TiO5 
phases.    
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According to the results and explanations about the digital microscopes (200x magnification) 
of the sample, ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% Yb3+ fired at 
1300 °C, 1350 °C, and 1400 °C (Chapter III, section 3.3.4), and the digital microscopes (Figure 
4.9) in this chapter, it would indicate that the glassy phase occurs at firing temperature 1350 °C 
and 1400 °C for all ZnO-TiO2 composite doped with rare earth elements system under the use 
of Mullite-based combustion boat as a container because of the variation in operating 
temperature caused by the interaction between the sample and combustion boat at very high 
temperature. With the existence of glassy phase, it can be concluded that this is one of the 
possibilities which causes the decrease in Zn2TiO4 phase content and directly influences to the 
change in UCL properties of the product. 
4.3.4 Effect of ZnO/TiO2 mixing ratio on crystalline phase 
The effect of various ZnO/TiO2 mixing ratios, as mentioned as ZxT1, on crystalline phase are 
shown in Figure 4.10. It was observed that all products showed dominant Zn2TiO4 phase 
(JCPDS: 25-1164). This behavior can be explained by considering the phase diagram of ZnO-
TiO2 system [23]. There are two noteworthy phases, ZnTiO3 and Zn2TiO4, but ZnTiO3 phase is 
unstable at high temperature (> 945 °C). On the other hand, Zn2TiO4 phase is easily produced, 
even if the system is in the low ZnO amount state, and it is stable at high temperature range 
(945-1418 °C). Taking into account the lowest amount of ZnO (x = 0.5), the product consisted 
of four phases; Zn2TiO4, rutile TiO2, RE2Ti2O7, and RE2TiO5. Subsequently, to easily 
understand the tendency of phase changes with varying x-values, the relative phase content of 
the products was calculated using equation 4.1 and the results are shown in Figure 4.11. 
With increase of x-value up to 1.25, Zn2TiO4 content increased and at the same time, TiO2 
content decreased and then disappeared at x = 1.25. For RE2Ti2O7 and RE2TiO5 contents, these 
two phases were almost constant under 0.5 ≤ x ≤ 1. After that, RE2Ti2O7 content initially 
increased, but RE2TiO5 content decreased. At x > 1.25, Zn2TiO4 and RE2Ti2O7 contents 
gradually increased, but RE2TiO5 content continuously decreased and almost disappeared at  
x = 1.5. These phase changes can be interpreted with the consideration of the reaction between 
base compositions of each compound and the formation energy of the existed phases.  
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Figure 4.10. XRD patterns of various ZnO/TiO2 mixing ratios doped with 0.03 mol% Ho3+ and 
9 mol% Yb3+ fired at 1300 °C. Adapted with permission from Kobwittaya et al., Mater. Sci. 
Forum, 922 (2018) 32-39. Copyright (2018) Trans Tech Publications. 
Typically, Zn2TiO4 phase is formed by the reaction between 2 ZnO and 1 TiO2 (in mole). Hence, 
as increasing ZnO amount while keeping TiO2 amount at 1 mole, Zn2TiO4 content increases 
absolutely. Afterward, the remaining TiO2 reacts with RE2O3 and then RE2Ti2O7 and RE2TiO5 
phases are formed. These formation reactions are the competitive ones that depend on the 
amount of remaining TiO2 and RE2O3, including the formation energy of each compound; 
Zn2TiO4 (-2.88 eV), RE2Ti2O7 (-3.8 eV), and RE2TiO5 (-3.79 eV) [24]. In the case of TiO2 
content, its diminution is not only from the reaction with ZnO and/or RE2O3, but also from the 
solid solubility of TiO2 into Zn2TiO4 crystal [25]. The SEM images of these processed powders 
is shown in Figure 4.12. It was observed that all samples had the same physical characteristics; 
micron-scale particles in irregular shapes and different sizes which they were caused by milling 
process. Besides, this kind of morphology was apparently due to the agglomeration of particles 
that was in accordance with the high firing temperature used in the final stage of preparation. 
Nevertheless, it is worth noting that, for the powder-solution mixing method, ZnO particle size 
may has little effect on the final products formed, for example non-uniformity of the product 
morphology due to the irregular particle sizes and shapes of ZnO powder. Besides, by using 
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ZnO powder which approaches to nanoscale and fine TiO2 in the form of solution, more 
homogeneous crystalline powder of the product can be obtained. 
 
 
 
 
 
 
 
 
  
Figure 4.11. Calculated relative phase contents of Zn2TiO4, TiO2, RE2Ti2O7, and RE2TiO5 
phases according to the compositions in Figure 4.10. Reproduced with permission from 
Kobwittaya et al., Mater. Sci. Forum, 922 (2018) 32-39. Copyright (2018) Trans Tech 
Publications. 
. 
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Figure 4.12. SEM images of various ZnO/TiO2 mixing ratios doped with 0.03 mol% Ho3+ and 
9 mol% Yb3+ fired at 1300 °C. 
4.3.5 Effect of firing temperature on upconversion luminescence (UCL) 
The luminescence emission photographs of ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% 
Ho3+ and 9 mol% Yb3+ samples fired at different temperatures are shown in Figure 4.13. The 
photograph showed that the initial emission color at 800 °C and 1000 °C was not clear and they 
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can be summarized as very weak emission. With increasing temperature up to 1300 °C, the 
emission color appeared as greenish, changing from normal to strong brightness. Additionally, 
the central area of the samples fired at 1200 °C to 1300 °C seemed to be white which was caused 
by the strong emission. Further increase of temperature (1350 °C and 1400 °C), the samples 
showed very weak or no emission. 
 
 
Figure 4.13. UC emission color of ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ and 
9 mol% Yb3+ fired at various temperatures, and irradiated with a 980-nm 125 mW laser. 
According to the UCL spectra in Figure 4.14, the samples heated below 1100 °C and above 
1300 °C exhibited weak emission intensity or no emission spectra, but the samples fired at 
1100-1300 °C exhibited strong emission intensity. These emission spectra consisted of two 
emission bands. The green spectral situated in the range of 532-567 nm which was attributed to 
5F4, 5S2 → 5I8 transition of Ho3+ with the maximum at 538 nm. The red spectral located in the 
range of 634-677 nm which was ascribed to 5F5 → 5I8 transition of Ho3+ with the maximum at 
669 nm. As shown in Figure 4.13, only green color was clearly observed because the green 
emission has higher intensity than the red one. 
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Figure 4.14. UC emission spectra of ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ 
and 9 mol% Yb3+ fired at various temperatures, and irradiated with a 980-nm 125 mW laser. 
As discussed by Luitel et al. in ZnO-TiO2 composite doped with Er3+ and Yb3+ prepared by 
solid-state reaction method [11], Zn2+ sites in Zn2TiO4 crystal are occupied by RE3+ ions. 
Hence, the increase in the amount of RE3+ ions at Zn site affects the change in green (538 nm) 
and red (669 nm) emission intensities as a function of various firing temperatures (Figure 4.15). 
This phenomenon can be explained by considering the results in Figure 4.15 together with 
relative phase contents in Figure 4.11. The explanations about this contemplation can be 
referred to as mentioned earlier in Chapter III, section 3.3.6. In comparison to the optimum 
firing temperature for fabricating the most efficient ZnO-TiO2: Er3+/Yb3+ phosphor with the 
means of powder-solution mixing, the ZnO-TiO2: Ho3+/Yb3+ phosphor system exhibits the 
brightest green emission under the same optimum firing temperature at 1300 °C and both 
systems demonstrate identical state of matter (solid and partially liquid) under the same 
condition of temperature.   
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Figure 4.15. The green (538 nm) and red (669 nm) emission intensities versus various firing 
temperatures according to the details in Figure 4.14.  
4.3.6 Effect of ZnO/TiO2 mixing ratio on upconversion luminescence (UCL) 
The UC emission color of the products is shown in Figure 4.16. The photograph showed that 
the UC emission color was green when ZnO amount x = 0.5. Further increasing ZnO amount x 
> 0.5, the brightness of green emission increased and then decreased, reaching the brightest 
emission at ZnO amount x = 1. Subsequently, the green emission changed to the red emission 
at ZnO amount x = 1.5. Corresponding UC emission spectra are shown in Figure 4.17. 
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Figure 4.16. UC emission color of various ZnO/TiO2 mixing ratios doped with 0.03 mol% Ho3+ 
and 9 mol% Yb3+ fired at 1300 °C, and irradiated with a 980-nm 125 mW laser. Adapted with 
permission from Kobwittaya et al., Mater. Sci. Forum, 922 (2018) 32-39. Copyright (2018) 
Trans Tech Publications. 
The emission color brightness and emission intensity increased with the augmentation of ZnO 
amount up to x = 1. Further increase of ZnO amount (x = 1.25 and 1.5), the brightness and 
emission intensity decreased. Hence, it is clear that the emission intensity changed for both 
green and red emission bands with changing ZnO contents and the brightest emission was 
observed for the sample Z1T1. The effect of x-value on the maximum emission intensity of 
green (538 nm) and red (669 nm) bands of various ZnO/TiO2 mixing ratios doped with 0.03 
mol% Ho3+ and 9 mol% Yb3+ is shown in Figure 4.18. This result can be explained by dividing 
the trend line into two sections based on ZnO amount. In the lower x-value (x < 1), the increment 
of ZnO amount up to x = 1, the emission intensity for both bands increased. In the case of higher 
x-value (x > 1), further increasing amount of ZnO, the emission intensity for both bands 
decreased. Taking into account the line patterns of emission intensity between green and red 
emission bands, they showed similar direction for all the samples studied. These patterns can 
be explained by considering the solubility of RE3+ ions into Zn2TiO4 crystal and it is indicated 
that the amount of soluble Ho3+ and Yb3+ (in the term of Ho3+/Yb3+ ratio) in Zn2TiO4 crystal 
may be equivalent. When the ZnO:TiO2 = 1:1 (in mole), the strongest emission intensity was 
observed on both green and red emission bands. This behavior can be described by considering 
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the relative phase contents of the products as presented in Figure 4.11. When the emission 
intensity increased (x = 0.5 to 1), the system consisted of four phases; Zn2TiO4, TiO2, RE2Ti2O7, 
and RE2TiO5. Further, when emission intensity decreased (x > 1), Zn2TiO4, RE2Ti2O7, and 
RE2TiO5 phases were observed without TiO2 phase. So, the difference between these two 
sections is the existence of TiO2 phase which may directly affect the UC emission intensity. 
Hence, the brightest UC emission is obtained by the Ho3+ transitions in the mixed phases system 
that comprises of Zn2TiO4, TiO2, RE2Ti2O7, and RE2TiO5 phases. 
 
 
 
 
 
 
 
 
 
 
  
  
  
  
  
  
  
 
 
 
Figure 4.17. UC emission spectra of various ZnO/TiO2 mixing ratios doped with 0.03 mol% 
Ho3+ and 9 mol% Yb3+ fired at 1300 °C, and irradiated with a 980-nm 125 mW laser. 
Reproduced with permission from Kobwittaya et al., Mater. Sci. Forum, 922 (2018) 32-39. 
Copyright (2018) Trans Tech Publications. 
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Figure 4.18. The green (538 nm) and red (669 nm) emission intensities versus various 
ZnO/TiO2 mixing ratios according to the detail in Figure 4.17. Reproduced with permission 
from Kobwittaya et al., Mater. Sci. Forum, 922 (2018) 32-39. Copyright (2018) Trans Tech 
Publications. 
4.3.7 Site preference of Ho3+ and Yb3+ in Zn2TiO4 crystal structure 
According to the discussion about this topic in Chapter III, section 3.3.8, in this section, the 
explanation will be started by the calculation of lattice constant and lattice volume. The 
crystallographic data of Zn2TiO4; lattice constant and lattice volume, according to various 
ZnO/TiO2 mixing ratios doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ are shown in Table 4.2. 
Taking into account Zn2TiO4 unit cell volume in Table 4.2 and the dependent lattice volumes 
on various ZnO/TiO2 mixing ratios in Figure 4.19, The results showed the identical behavior as 
described in the case of ZnO-TiO2: Er3+/Yb3+ (Chapter III, section 3.3.8). Also, the effect of 
lattice volume on emission intensity (Figure 4.20) confirmed that the introduction of RE3+ ions 
into the Zn2TiO4 crystal is not equal in each sample, resulting in the change in Zn2TiO4 lattice 
volume and influencing to the variation of emission intensity. With these outcomes which are 
same as the obtained results of ZnO-TiO2: Er3+/Yb3+ (Chapter III, section 3.3.8), therefore, the 
site preference of Ho3+ and Yb3+ in Zn2TiO4 crystal matrix can be written as follows: 
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Ho2O3 + 4TiO2	→ 2HoZnሺoctሻ∙  + 32 O2ሺgሻ + 6e' + 2TiZnሺoctሻ∙∙  + 2TiTi(oct) + 8Oox                            (4.2) 
Yb2O3 + 4TiO2	→ 2YbZnሺoctሻ∙  + 32 O2ሺgሻ + 6e' + 2TiZnሺoctሻ∙∙  + 2TiTi(oct) + 8Oox                          (4.3)          
Table 4.2. The crystallographic data of Zn2TiO4; lattice constant and lattice volume of various 
ZnO/TiO2 mixing ratios doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ fired at 1300 °C.  
Sample Lattice constant (Å) Lattice volume (Å3) 
Zn2TiO4 (JCPDS 25-1164) 8.4602 605.54 
Z 0.5 T 1 8.4443 602.14 
Z 0.75 T 1 8.4399 601.20 
Z 1 T 1 8.4300 599.07 
Z 1.25 T 1 8.4525 603.89 
Z 1.5 T 1 8.4582 605.12 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 4.19. The dependent lattice volumes of Zn2TiO4 crystal on various ZnO/TiO2 mixing 
ratios doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ fired at 1300 °C.  
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Figure 4.20. The green (538 nm) and red (669 nm) emission intensities of various ZnO/TiO2 
mixing ratios doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ fired at 1300 °C versus various 
lattice volumes of Zn2TiO4 crystal according to the details in Figure 4.18 and Table 4.2.  
4.3.8 Effect of Ho3+ and Yb3+ concentrations on upconversion luminescence (UCL) 
The luminescence emission spectra were examined as a function of Ho3+ and Yb3+ 
concentrations. The effect of various Ho3+ concentrations, while keeping 9 mol% Yb3+ 
concentration is shown in Figure 4.21, which green (538 nm) and red (669 nm) emission 
intensities are plotted versus various Ho3+ concentrations. These UCL behaviors can be 
separated into two parts. In the initial part, as increasing Ho3+ concentration from 0-0.03 mol%, 
the emission intensity augmented because the Ho3+ activator concentration in the Zn2TiO4 
crystal increased. Further increase of Ho3+ concentration up to 0.05 mol%, the emission 
intensity decreased because of concentration quenching. Taking into account the UC emission 
color, the UCL was green and changed from normal to strong brightness with increasing Ho3+ 
concentration from 0.01-0.03 mol%. Further increase of Ho3+ concentration more than 0.03 
mol%, the brightness of green emission decreased. In addition, when the system did not have 
Ho3+, no emission color was observed. Hence, the maximum emission intensity is detected on 
green emission band for Ho3+ concentration at 0.03 mol%. 
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Figure 4.21. The green (538 nm) and red (669 nm) emission intensities versus ZnO:TiO2 = 1:1 
(in mole) doped with various mol% Ho3+ and 9 mol% Yb3+ fired at 1300 °C, and corresponding 
photographs of UC emission color irradiated with a 980-nm 125 mW laser. Upper portion is 
reproduced with permission from Kobwittaya et al., Mater. Sci. Forum, 922 (2018) 32-39. 
Copyright (2018) Trans Tech Publications. 
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Figure 4.22. The green (538 nm) and red (669 nm) emission intensities versus ZnO:TiO2 = 1:1 
(in mole) doped with 0.03 mol% Ho3+ and various mol% Yb3+ fired at 1300 °C, and 
corresponding photographs of UC emission color irradiated with a 980-nm 125 mW laser. 
Upper portion is reproduced with permission from Kobwittaya et al., Mater. Sci. Forum, 922 
(2018) 32-39. Copyright (2018) Trans Tech Publications. 
The effect of various Yb3+ concentrations, while keeping 0.03 mol% Ho3+ concentration is 
shown in Figure 4.22, which the green (538 nm) and red (669 nm) emission intensities are 
plotted versus various Yb3+ concentrations. By keeping Ho3+ concentration at 0.03 mol%, the 
Yb3+ concentration influences on the emission intensity of the products. With increasing Yb3+ 
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concentration from 0-12 mol%, the emission intensity increased, reaching maximum at 9 mol% 
Yb3+ doping concentration and then decreased on further increasing it. The increased emission 
intensity is viable due to higher concentration of dissolved Yb3+ concentration into the Zn2TiO4 
crystal which augmented the number of pump photons and the excited Ho3+. The decreased 
emission intensity at higher Yb3+ concentration corresponded to concentration quenching. 
Considering the UC emission color, the color changed from weak to strong green with 
increasing Yb3+ concentration. Firstly, when the system did not have Yb3+, no emission color 
was observed. Further increase of Yb3+ concentration from 1-9 mol%, the emission color started 
with weak green at 1 mol% and gradually changed to stronger green at 3 mol% Yb3+. Then, the 
brightness of green emission increased and reached maximum brightest at 9 mol%. 
Subsequently, increasing Yb3+ concentration up to 12 mol%, brightness of green emission 
decreased. With these two results, varying Ho3+ and Yb3+ concentrations, it is obvious that the 
optimum Ho3+ and Yb3+ concentrations for the brightest UC emission are 0.03 and 9 mol%, 
respectively. 
4.3.9 Elemental composition analysis 
4.3.9.1 X-ray fluorescence (XRF) of ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ 
and 9 mol% Yb3+ dried and fired at various temperatures 
In this XRF analysis, the Zn and Ti contents of all samples were analyzed by comparing with 
Zn and Ti standard calibration curves that were mentioned in Chapter III, section 3.3.10.1. For 
the Ho and Yb contents, their standard calibration curves cannot be created due to the 
uncertainty of standard samples caused by very low content of both elements. Herein, to analyze 
Ho and Yb contents, the fundamental parameter (FP) method was used to investigate the content 
of them. An overview of XRF analysis of the synthesized powder samples, ZnO:TiO2 = 1:1 (in 
mole) doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ dried and fired at various temperatures, is 
given in Table 4.3. 
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Table 4.3. An overview of XRF analysis of ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% 
Ho3+ and 9 mol% Yb3+ powder samples dried and fired at various temperatures, their expected 
mixing ratio values and XRF elemental analysis results (each sample was measured five times 
at different positions and data were averaged). 
Temperature 
(°C) 
Zn (mole) Ti (mole) Ho (mole) Yb (mole) 
Expected XRF Expected XRF Expected XRF Expected XRF 
90 1.0000 0.9877 1.0000 1.0000 0.0003 0.0000 0.0900 0.0799 
800 1.0000 0.9794 1.0000 1.0000 0.0003 0.0000 0.0900 0.0756 
1000 1.0000 0.9819 1.0000 1.0000 0.0003 0.0000 0.0900 0.0772 
1100 1.0000 0.9801 1.0000 1.0000 0.0003 0.0000 0.0900 0.0763 
1200 1.0000 0.9799 1.0000 1.0000 0.0003 0.0000 0.0900 0.0775 
1300 1.0000 0.9752 1.0000 1.0000 0.0003 0.0000 0.0900 0.0768 
Remark:  
1. Atomic weights used to calculate these results are Zn = 65.382, Ti = 47.867,  
Ho = 164.930, and Yb = 173.045. 
2. These results are converted from weight% to mole and followed by keeping 1 mole of Ti. 
As shown in Table 4.3, the results showed that all observed values were lower than the expected 
content. These could be due to many situations, for example the errors during sample 
preparation and the weight loss of raw material and raw mixture during the thermal process. 
However, the XRF is only a semi-quantitative technique except a calibration curve is used.  
So, it should be noted that Ho and Yb contents are too low to detect with precision. Besides, it 
is worth noting that Ho content that is detected as 0 mole is due to the detection limits such as 
instrument detection limit and method detection limit. With these results, it could be concluded 
that the temperature used has little effect on the change in ZnO/TiO2 mixing ratio, and for the 
Ho content, it would be in the same way as observed in the XRF analysis of Er and Yb contents 
(Chapter III, section 3.3.10.2 and 3.3.10.3) that they are similar to the expected content. 
Therefore, the final mixing ratio of these samples after adjustment based on 1 mole of Ti would 
be acceptable as Zn:Ti:Ho:Yb = 1:1:0.0003:0.09 (in mole).  
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4.3.9.2 X-ray fluorescence (XRF) of various ZnO/TiO2 mixing ratios doped with 0.03 mol% 
Ho3+ and 9 mol% Yb3+ fired at 1300 °C 
According to the procedures used for XRF analysis in section 4.3.8.1, the analyzed results of 
the synthesized powder samples, various ZnO/TiO2 mixing ratios doped with 0.03 mol% Ho3+ 
and 9 mol% Yb3+ fired at 1300 °C, is given in Table 4.4. 
Table 4.4. An overview of XRF analysis of various ZnO/TiO2 mixing ratios doped with 0.03 
mol% Ho3+ and 9 mol% Yb3+ powder samples fired at 1300 °C, their expected mixing ratio 
values and XRF elemental analysis results (each sample was measured five times at different 
positions and data were averaged). 
Mixing 
ratio 
Zn (mole) Ti (mole) Ho (mole) Yb (mole) 
Expected XRF Expected XRF Expected XRF Expected XRF 
Z 0.5 T 1 0.5000 0.4776 1.0000 1.0000 0.0003 0.0000 0.0900 0.0752 
Z 0.75 T 1 0.7500 0.7143 1.0000 1.0000 0.0003 0.0000 0.0900 0.0778 
Z 1 T 1 1.0000 0.9752 1.0000 1.0000 0.0003 0.0000 0.0900 0.0768 
Z 1.25 T 1 1.2500 1.2208 1.0000 1.0000 0.0003 0.0000 0.0900 0.0771 
Z 1.5 T 1 1.5000 1.3291 1.0000 1.0000 0.0003 0.0000 0.0900 0.0769 
Remark:  
1. Atomic weights used to calculate these results are Zn = 65.382, Ti = 47.867,  
Ho = 164.930, and Yb = 173.045. 
2. These results are converted from weight% to mole and followed by keeping 1 mole of Ti. 
As shown in Table 4.4, the results showed that all observed values were lower than the expected 
content. These could be due to many situations as mentioned in section 4.3.8.1. With these 
results, it could be summarized that the final mixing ratio of these samples after adjustment 
based on 1 mole of Ti is in accordance with expected mixing ratio. 
4.3.10 Upconversion (UC) mechanism 
In the theoretical understanding of UC mechanism, this process can be explained by taking into 
account the relationship between UC emission intensity (I) and excitation pump power (P). The 
intensity I is proportional to the n power of P, which can be expressed as I  Pn, where n is the 
number of pump photons per one photon emitted [3,26]. To obtain the n-value, a plotting of log 
I versus log P yields a straight line with slope n as shown in Figure 4.23. In the Figure, the  
n-values of observed green and red emission bands were 1.13 and 1.10, respectively, under 
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between P = 15-196 mW. As mentioned earlier in Chapter III, section 3.3.11, even though the 
observed n-value is less than the value two, but it could be suggested that the two-photon 
process occurs because the system is under the saturation effect in the UCL intensity caused by 
the competition between linear decay and UC processes for the depletion of the intermediate 
excited states, resulting in the lower n-value [27,28]. To better understand the decrease in  
n-value and the saturation effect, the details can be found in Chapter III, section 3.3.12. 
 
 
 
 
 
 
 
  
 
 
 
Figure 4.23. Pump power dependent UC of ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% 
Ho3+ and 9 mol% Yb3+ fired at 1300 °C, and irradiated with a 980-nm, 15-196 mW laser. 
Reproduced with permission from Kobwittaya et al., Mater. Sci. Forum, 922 (2018) 32-39. 
Copyright (2018) Trans Tech Publications. 
As shown in Figure 4.24, to clearly explain about n-value, the n-value of various ZnO/TiO2 
mixing ratios doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ was calculated and then the 
relationship between them was plotted based on green (538 nm) and red (669 nm) emission 
bands. With increase of ZnO amount up to x = 1, the increase of n-value was observed on both 
green and red bands, and slope of two lines seemed to be parallel. In general,  
the n-value is related to UC mechanism and directly involves with the ratio of Ho3+/Yb3+ in 
Zn2TiO4 crystal matrix. Hence, the amount of Ho3+ and Yb3+ increases equally from the 
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beginning with the same ratio. Besides, it is possible that the Ho3+/Yb3+ pairs of ions are 
possibly formed in the crystal. Further increase of ZnO amount x > 1, the n-value for both bands 
sharply decreased. These situations can be used to confirm that the number of vacant sites in 
the structure of Zn2TiO4 crystal is lower than in the case of x ≤ 1, causing to the lower 
performance in the substitution of dopants and influencing to the decrease in energy transfer 
(n-value decreased). It should be noted that, in this case, Ho3+ and Yb3+ may get into the vacant 
site in the structure of Zn2TiO4 crystal with similar ratio in the case of ZnO amount x = 0.5-
1.25 because the change in line pattern seems to be in the same direction. However, when ZnO 
amount x = 1.5, the line pattern changes. This must be due to the alteration of the ratio of 
Ho3+/Yb3+ at such vacant site.  
 
 
 
 
 
 
 
  
  
  
  
  
  
 
 
Figure 4.24. The n-values of green (538 nm) and red (669 nm) emission bands versus various 
ZnO/TiO2 mixing ratios doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ fired at 1300 °C. 
Figure 4.25 shows the proposed UC mechanism of ZnO-TiO2 composite doped with Ho3+ and 
Yb3+ under a 980-nm laser excitation. The mechanism for generating green and red emissions 
are accomplished as follows. The 980-nm laser excites Yb3+ from its ground state 2F7/2 level to 
2F5/2 level, and simultaneously, ground state 5I8 level of Ho3+ is excited to the same level as 2F5/2 
level of Yb3+. These transitions take place via ground state absorption (GSA). Subsequently, 
174 
 
the excess energy returns to the lower energy level in the form of non-radiative (NR) transition, 
2F5/2  2F7/2 and virtual 2F5/2  5I6 transitions. In the case of Ho3+, after the NR transition, the 
exciting from 5I6 to 5F4, 5S2 occurs via the excited state absorption 1 (ESA1). Later, the green 
and red emissions are observed by the following processes. For the green emission, Yb3+ 
transfers its energy to Ho3+ in two possible ways, ET1 and ET2. Herein, the pathways, 2F5/2 
(Yb3+) + 5I8 (Ho3+)  2F7/2 (Yb3+) + 5I6 (Ho3+) and 2F5/2 (Yb3+) + 5I6 (Ho3+)  2F7/2 (Yb3+) + 5F4, 
5S2 (Ho3+) lead to green emission with radiative transition from 5F4, 5S2  5I8. For the red 
emission, this emission is associated with 5F5  5I8 transition which is accomplished by two 
different channels. First is from the NR (5F4, 5S2  5F5) and second is 5I7  5F5 transition (ESA2) 
that is populated by NR (5I6  5I7) + ET3 [29-31]. Thus, the green and red emission, which 
show highest emission intensity at 538 nm and 669 nm, respectively, are detected due to the 
5F4, 5S2  5I8 and 5F5  5I8 transitions of Ho3+. 
 
 
 
 
 
 
 
 
Figure 4.25. Schematic energy level diagram of Ho3+ and Yb3+ and proposed UC mechanism 
of ZnO-TiO2 doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ under a 980-nm laser excitation. 
In this study, the n-value for green emission was around 1.13, while n-value for the red emission 
was around 1.10. This could be ascribed to the difference of the intermediate excited state 
between the green and red emissions. For the green emission, the intermediate excited state is 
5I6 of Ho3+, and the UC process and linear decay at this excited state are ESA1 (5I6 → 5F4,5S2) 
and NR (5I6 → 5I7), respectively. Because of the n-value that is approximately one for the green 
emission, therefore, the UC process (ESA1) is the dominant depletion mechanism which causes 
175 
 
the saturation effect in UCL intensity and the decrease in n-value. In the case of red emission, 
the intermediate excited state is 5I7 of Ho3+ and the reduced n-value is related to the competition 
between UC process (ESA2: 5I7 → 5F5) and linear decay (5I7 → 5I8). Also, the n-value for red 
emission was nearly one, therefore, the UC process is dominant mechanism for the depletion 
of the intermediate state 5I7 of Ho3+, leading to the diminution of n-value and the saturation 
effect in UCL intensity. However, there are minor possibilities which would have influence on 
the decrease in n-value such as the ET processes to impurity defects, cross-relaxation, or other 
complicated processes, which can also give rise to the depletion of the intermediate excited 
states of Ho3+ and Yb3+ [27,28,32,33]. 
4.3.11 Comparison of upconversion (UC) emission intensity of phosphors prepared by 
solid-state reaction and powder-solution mixing methods  
According to the explanations and details about these two methods provided in Chapter III, 
section 3.3.13, herein, the ZnO-TiO2:Ho3+/Yb3+ phosphors prepared by SSR and PSM methods 
will also be compared by considering the products with the same physical characteristic (pellet 
(SSR) / pellet (PSM) and powder (SSR) / powder (PSM)) and their UC emission intensity. The 
phosphor pellets were prepared with the optimum condition presented in Chapter II, ZnO:TiO2 
= 1:1 (in mole) doped with 0.05 mol% Ho3+ and 9 mol% Yb3+ fired at 1200 °C for 4 h, for both 
SSR and PSM methods. The phosphor powders were prepared with the optimum condition 
presented in this chapter; ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ and 9 mol% 
Yb3+ fired at 1300 °C for 1 h, for both SSR and PSM methods. Besides, to obtain the dependable 
result, the UC emission intensity of each sample was measured at different positions of its 
surface. The results of these comparisons will be discussed below. 
For the phosphor pellet, according to the photograph in Figure 4.26, the physical characteristics 
of the samples prepared by SSR and PSM were different. After firing at 1200 °C for 4 h, the 
SSR sample showed small decrease in the size of the pellet, while the PSM sample showed 
larger decrease. Also, each sample demonstrated dissimilar colors, white and cream, for SSR 
and PSM samples, respectively. These miscellaneous changes are caused by the complex and 
dissimilar reaction mechanisms of each preparation method. To understand these changes, the 
explanations can be found in the Chapter III, section 3.3.13. 
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Figure 4.26. Photograph of ZnO:TiO2 = 1:1 (in mole) doped with 0.05 mol% Ho3+ and  
9 mol% Yb3+ phosphor pellets (before and after firing) prepared by solid-state reaction and 
powder-solution mixing methods.  
 
 
 
 
 
 
 
 
  
 
 
 
Figure 4.27. UC emission spectra at different positions of pellet surface of the phosphor 
(ZnO:TiO2 = 1:1 (in mole) doped with 0.05 mol% Ho3+ and 9 mol% Yb3+ fired at 1200 °C for 
4 h) prepared by solid-state reaction method, and irradiated with a 980-nm 70 mW laser. The 
inset shows the photograph of the corresponding measured positions as labeled. 
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Figure 4.28. UC emission spectra at different positions of pellet surface of the phosphor 
(ZnO:TiO2 = 1:1 (in mole) doped with 0.05 mol% Ho3+ and 9 mol% Yb3+ fired at 1200 °C for 
4 h) prepared by powder-solution mixing method, and irradiated with a 980-nm 70 mW laser. 
The inset shows the photograph of the corresponding measured positions as labeled. 
The UC emission spectra of both fired samples are measured at different positions of its surface 
and the results are shown in Figure 4.27 and Figure 4.28. The inset shows the photograph of 
the measured positions. The results showed that both samples exhibited the same peak emission 
wavelengths which were at 538 nm for green region and 669 nm for red region. In the case of 
ZnO-TiO2: Er3+/Yb3+ phosphor pellets prepared by SSR and PSM, the maximum emission 
intensity of both samples is almost at the same level. But, in this case, SSR sample shows higher 
emission intensity than PSM sample under the same laser intensity because, in very low 
concentration state of Ho3+ activator, the distribution of Ho3+ over the entire sample may be 
different and this directly affects the insertion of Ho3+ into host crystal matrix. In addition, the 
different formation processes may strongly influence to this behavior. Focusing on the UC 
emission intensity at various measured positions of each phosphor pellet, it is obvious that the 
emission intensity of PSM sample is more well-distributed over the whole surface than that of 
SSR sample. The explanation of this behavior can be found in the Chapter III, section 3.3.13. 
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For the phosphor powder, the UC emission spectra of both fired samples are also measured at 
different positions of its surface and the results are shown in Figure 4.29 and Figure 4.30. The 
inset shows the photograph of the measured positions. The results showed that both samples 
showed the same peak emission wavelengths as phosphor pellet which were at 538 nm for green 
region and 669 nm for red region. These can be used to confirm that ZnO-TiO2 composite doped 
with Ho3+ and Yb3+ exhibits the particular emission wavelength for green and red bands, even 
if the preparation method and physical characteristics are different. In addition, it is clear that 
the emission intensity of PSM sample is more well-distributed than that of SSR sample either. 
This must be due to the same reason as mentioned above about phosphor pellet. However, the 
emission intensity of phosphor powder is usually lower than that of phosphor pellet because the 
bulk density of powder mixture, which relies on how intimately individual particles pack 
together, directly affects the formation process of phosphor powder. The explanation of this 
behavior can also be found in the Chapter III, section 3.3.13. 
 
 
 
 
 
 
 
  
  
  
  
  
 
 
 
Figure 4.29. UC emission spectra at different positions of powder surface of the phosphor 
(ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ fired at 1300 °C for 
1 h) prepared by solid-state reaction method, and irradiated with a 980-nm 110 mW laser. The 
inset shows the photograph of the corresponding measured positions as labeled. 
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Figure 4.30. UC emission spectra at different positions of powder surface of the phosphor 
(ZnO:TiO2 = 1:1 (in mole) doped with 0.03 mol% Ho3+ and 9 mol% Yb3+ fired at 1300 °C for 
1 h) prepared by powder-solution mixing method, and irradiated with a 980-nm 110 mW laser. 
The inset shows the photograph of the corresponding measured positions as labeled. 
Significantly, it should be noted that these comparisons focus only on the homogeneity of the 
phosphor by considering the UC emission intensity of the sample under the same physical 
characteristic and condition. However, the conditions used for PSM phosphor pellet and SSR 
phosphor powder are not the optimum condition for them to emit the strongest emission 
intensity. Moreover, it must be noted that the phosphor powder produced by crushing phosphor 
pellet shows lower emission intensity than directly preparing phosphor powder and phosphor 
pellet due to the variation in their bulk density. For the phosphor pellet produced by packing 
phosphor powder, it shows the instability of the product because the phosphor powder cannot 
attach to form the phosphor pellet. So, this means is not suitable for fabricating phosphor pellet.   
Finally, it can be summarized that, for the Ho3+/Yb3+ co-doped ZnO-TiO2 composite phosphor, 
these two methods show the same optimum ZnO/TiO2 mixing ratio = 1:1 (in mole), even if the 
optimum firing temperature, preparation time, and dopant concentration are different; 1200 °C 
for 4 h (SSR) and 1300 °C for 1 h (PSM), 0.05 mol% Ho3+/9 mol% Yb3+ (SSR) and 0.03 mol% 
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Ho3+/9 mol% Yb3+ (PSM). The dissimilar formation processes of the products and the process 
of incorporation of RE3+ ions into the host material may cause these differences. In general, 
Ho3+ and Yb3+ enter the host material by diffusion-based and dissolution/diffusion-based 
processes for SSR and PSM methods, respectively. In addition, it is clearly understandable that, 
for ZnO-TiO2:Ho3+/Yb3+ phosphor, the product prepared by PSM method presents great 
potential for enhancing the UC phosphor to be more homogenous phase than SSR method, 
becoming the leading cause of the improvement of efficiency of Ho3+/Yb3+ system-based UC 
phosphors.  
4.4 Conclusion 
The ZnO-TiO2 composite system containing Ho3+ and Yb3+ was successfully synthesized by 
powder-solution mixing method. The UCL behavior of this composite phosphor powder was 
studied under a 980-nm laser excitation. The emission spectra showed green and red emission 
bands which centered at 538 and 669 nm, respectively. These two emission bands occurred due 
to the 5F4, 5S2  5I8 and 5F5  5I8 transitions of Ho3+. Pump power dependent UC revealed that 
two-photon process was responsible for both green and red emissions. The green and red 
emission intensities demonstrated maximum value in the sample that contained 0.03 mol% Ho3+ 
and 9 mol% Yb3+. The optimum ZnO/TiO2 mixing ratio was ZnO:TiO2 = 1:1 (in mole), even if 
the host material was Zn2TiO4 (ZnO:TiO2 = 2:1 (in mole)). Furthermore, ZnO:TiO2 = 1:1 (in 
mole): 0.03 mol% Ho3+, 9 mol% Yb3+ composite phosphor powder fired at 1300 °C exhibited 
green UC emission when the system consisted of four phases co-existence; Zn2TiO4, TiO2, 
RE2Ti2O7, and RE2TiO5 (RE = Ho3+ and/or Yb3+). 
The most possibility of site preference of Ho3+ and Yb3+ in Zn2TiO4 host crystal matrix should 
be at the vacant Zn site in octahedral ሺVZn(oct)'' ሻ that would appear when there were excess TiO2 
in the system and followed by the incorporation of RE3+ ions into Zn2TiO4 matrix. This 
phenomenon is mostly expressed in the variations of unit cell parameter of Zn2TiO4 crystal, 
which leads to the decrease in its lattice constant and lattice volume. In addition, the comparison 
of the optimum mixing ratio and dopant concentration of ZnO-TiO2:Ho3+/Yb3+ phosphors 
prepared by solid-state reaction method and powder-solution mixing method was discussed in 
detail. Albeit the optimum firing temperature and preparation time were different, 1200 °C for 
4 h (solid-state reaction method) and 1300 °C for 1 h (powder-solution mixing method), but 
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these two methods showed the same optimum ZnO/TiO2 mixing ratio = 1:1 (in mole). The most 
effective product that was synthesized by solid-state reaction method showed the optimum 
dopant concentrations at 0.05 mol% Ho3+ and 9 mol% Yb3+, while using powder-solution 
mixing method, the optimum dopant concentrations were 0.03 mol% Ho3+ and 9 mol% Yb3+. 
The dissimilar formation processes of the products and the process of incorporation of RE3+ 
ions into the host material may cause these differences. In general, Ho3+ and Yb3+ enter the host 
material by diffusion-based and dissolution/diffusion-based processes for SSR and PSM 
methods, respectively. In addition, it is clearly understandable that, for ZnO-TiO2:Ho3+/Yb3+ 
phosphor, the product prepared by PSM method presents great potential for enhancing the UC 
phosphor to be more homogenous phase than SSR method, becoming the leading cause of the 
improvement of efficiency of Ho3+/Yb3+ system-based UC phosphors. 
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Chapter V  
 
 
Nearly pure NIR to NIR upconversion luminescence in Tm3+, Yb3+  
co-doped ZnO-TiO2 composite phosphor powder 
 
5.1 Introduction 
Trivalent rare earth (RE3+) ions doped near-infrared (NIR) to near-infrared (NIR) upconversion 
(UC) phosphors have received much attention in recent years since the investigations have 
shown great potential for many applications in biomedical fields, especially biomedical optical 
bioimaging technologies which they use the NIR biological transparency windows (NIR 
window, 650-1450 nm) for biological tissues because the traditional visible imaging range 
(400-750 nm) has limited observation depth due to very low penetration depth caused by the 
body tissues and water molecules, leading to the attenuation of signal proportional to the depth 
of the interest targeting [1,2]. 
To date, the Tm3+/Yb3+ system is recognized as one of the most efficient activator-sensitizer 
pairs of ions for generating NIR emission when it is introduced into a suitable host material 
because the intense NIR emission can be obtained by the 3H4  3H6 transition of Tm3+ activator. 
Besides, it has been considered as one of the important and useful choices for fabricating NIR 
UC phosphors and infrared materials [3-5]. According to many researches regarding UC 
phosphors, the most effective UC host material is fluoride-based material because fluorides 
usually exhibit low phonon energies of less than 350 cm-1 and high chemical stability [6-8]. 
However, they are hygroscopic and are of limited use. In comparison, oxide-based materials 
demonstrate higher chemical and thermal stability, therefore, oxides with low phonon energy 
may have more promising applications [9]. At present, composite materials have gained much 
attention due to their properties such as light weight, flexible, high corrosion resistance, and 
impact strength. Because of these properties, composite materials have been considered as a 
replacement of classical materials used in aerospace industry, construction, and electrical and 
electronics [10]. Among various oxide-based composite materials, ZnO-TiO2 composite is 
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thought of as a promising host material because it is inexpensive, non-toxic, thermally and 
chemically stable, and environmental friendliness [8]. Additionally, the noteworthy product of 
ZnO-TiO2 composite is Zn2TiO4 that is a high thermal stability phase due to its inverse spinel 
structure. In addition, Zn2TiO4 shows great potential for being the good optical host because it 
has high value of refractive index n = 2.1 [11] and low phonon energy around 721 cm-1 [12]. 
Hence, ZnO-TiO2 composite could be one of the proper hosts for the fabrication of UC 
phosphor. 
In a series of reports regarding UCL from ZnO-TiO2 composite phosphors, the reports showed 
only the results in the visible region (e.g. orange and red emissions) which were observed from 
Er3+/Yb3+ co-doped ZnO-TiO2 composite prepared by solid-state reaction method [13,14] and 
metal-organic decomposition method [15-17]. Until now, there is no any result concerning NIR 
UCL from ZnO-TiO2 composite phosphor. Therefore, in this study, the systematic analysis of 
the NIR to NIR UCL properties of ZnO-TiO2 composite doped with Tm3+ and Yb3+ prepared 
by the new simple method, powder-solution mixing method were proposed. The effect of 
ZnO/TiO2 mixing ratio, Tm3+ and Yb3+ doping concentrations, and UCL characteristics were 
methodically investigated. In addition, the interesting and important results about the site 
preference of Tm3+ and Yb3+ in the host crystal matrix were anticipated and described to 
comprehend how RE3+ ions incorporate into complex inorganic crystal structure. Lastly, this 
new preparation method was comparatively discussed with those two methods in detail. 
5.2 Experimental 
Tm3+ and Yb3+ co-doped with ZnO-TiO2 composite system was synthesized by powder-
solution mixing method using zinc oxide (ZnO; NanoTek, ~34 nm, 99%), titanium dioxide sol 
solution (TiO2; Ishihara Sangyo Kaisha, 39.5 wt.%), thulium (III) nitrate pentahydrate 
(Tm(NO3)3.5H2O; Aldrich, 99.9%), and ytterbium (III) nitrate pentahydrate (Yb(NO3)3.5H2O; 
Aldrich, 99.9%). All raw materials were thoroughly mixed in a beaker with deionized water by 
constant stirring with a high-power mixer. Each starting material changed as follows. Various 
ZnO-TiO2 composite samples were prepared by different ZnO/TiO2 mixing ratios, changing 
ZnO amounts from 0.5-1.5 (x-value; mole), while keeping constant TiO2 (1 mole) and the 
sample was named as ZxT1. Tm3+ and Yb3+ concentrations varied from 0-0.15 mol% and 0-18 
mol%, respectively. After completely mixed, the sample was dried at 90 °C in drying oven for 
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12 h and subsequently fired in an air atmosphere at 1300 °C for 1 h. The fired product was 
crushed by vibration mill for 30 s to obtain the final product in powder form. The complete 
preparation scheme is shown in Figure 5.1. It is worth noting that, to avoid the surface 
adsorption of moisture, all samples were kept continuously in a vacuum desiccator over silica 
gel at room temperature for 6 h before carrying out the optical measurement. 
The crystal structure of the samples was characterized by X-ray diffraction (XRD), a Shimadzu 
XRD-6300 instrument with CuKα radiation in the range of 2θ = 10-80°. Herein, to describe the 
crystallization process results, the relative phase contents calculated based on pseudo-
quantitative analysis of each specific phase were estimated from the XRD patterns using 
equation (5.1): 
Relative phase content = I(phase) / I(total)                                                                                    (5.1) 
where I(phase) is the intensity of selected peak from a main peak position that consists of only 
one phase; I(311) for Zn2TiO4, I(110) for TiO2, I(004) for RE2Ti2O7, and I(102) for RE2TiO5; and I(total) 
is the intensity summation of all selected peaks. 
The microstructure of the samples was characterized by scanning electron microscopy (SEM), 
a Hitachi S-3000N instrument. Before SEM measurement, the sample was mounted securely 
by means of conductive carbon tape. Subsequently, the sample was coated with a thin layer of 
Pt-Pd (coating time of 90 s, around 5 nm thickness) under vacuum condition (vacuum-argon 
gas flushing) by ion sputter (Hitachi, E-1030). 
The UC emission spectra excited by a 980-nm laser was recorded from 250-800 nm spectral 
range using USB 4000 UV-VIS-NIR fiber optic spectrometer (Ocean optics), having spectral 
resolution 1.34 nm (full width at half maximum, FWHM) and slit width 25 mm. The change in 
the maximum emission intensity on the laser power (0-200 mW) was measured for considering 
the potential UC mechanism. All measurements were performed at room temperature. 
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Figure 5.1. Flow chart for the preparation of ZnO-TiO2:Tm3+/Yb3+ phosphor by powder-
solution mixing method. 
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5.3 Results and discussion 
5.3.1. Effect of ZnO/TiO2 mixing ratio on crystalline phase 
XRD patterns of various ZxT1 samples doped with 0.125 mol % Tm3+ and 15 mol% Yb3+ are 
shown in Figure 5.2. The diffraction patterns of the prepared samples can be well indexed with 
four phases; Zn2TiO4 (JCPDS: 25-1164), rutile TiO2 (JCPDS: 21-1276), RE2Ti2O7 (Tm2Ti2O7, 
JCPDS: 23-0590 and/or Yb2Ti2O7, JCPDS:17-0454), and RE2TiO5 (Tm2TiO5 and/or Yb2TiO5) 
[18]. Nevertheless, the information of RE2TiO5 phase is ambiguous due to the lack of 
information of hkl planes, therefore, its crystal structure has been still unclear since it was first 
published [19], causing to the incomplete quantitative phase analysis via Rietveld refinement. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. XRD patterns of various ZnO/TiO2 mixing ratios doped with 0.125 mol% Tm3+ 
and 15 mol% Yb3+. Reproduced with permission from Kobwittaya et al., Vacuum, 148 (2018) 
286-295. Copyright (2017) Elsevier Ltd.  
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However, the content of each phase can be estimated using pseudo-quantitative phase analysis 
in the term of relative phase content (equation (5.1)) and the calculated results are shown in 
Figure 5.3. It was obvious that almost all samples showed the dominant Zn2TiO4 phase. 
According to the phase diagram of ZnO-TiO2 system [20], it should be noted that Zn2TiO4 
phase is a stable phase and easily formed by the reaction between ZnO and TiO2, even if the 
system has low amount of ZnO. As shown in Figure 5.3, with increasing ZnO amount up to x 
= 1, the content of Zn2TiO4 phase increased and at the same time, TiO2, RE2Ti2O7, and RE2TiO5 
contents gradually decreased. Further increase of ZnO amount x > 1, Zn2TiO4 content 
continuously increased and still was the dominant phase, and TiO2 phase disappeared at x = 
1.25. As increasing ZnO amount up to x = 1.5, RE2Ti2O7 content initially increased, but 
RE2TiO5 content sharply decreased and then disappeared at x = 1.5. Focusing on the variation 
of both RE titanate contents under 1 < x ≤ 1.25, it is possible that there are indistinct and 
complicated reactions for the formation of RE titanate phases, resulting in the increase in 
RE2Ti2O7 content and sharp decrease in RE2TiO5 content.  
 
 
 
 
 
 
 
 
 
 
  
  
  
  
 
Figure 5.3. Calculated relative phase contents of Zn2TiO4, TiO2, RE2Ti2O7, and RE2TiO5 
phases according to the compositions in Figure 5.2. Reproduced with permission from 
Kobwittaya et al., Vacuum, 148 (2018) 286-295. Copyright (2017) Elsevier Ltd. 
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These phase changes can be described as follows. The Zn2TiO4 phase is formed by the reaction 
between 2 moles of ZnO and 1 mole of TiO2. Thus, as increasing ZnO amount x from 0.5-1.5, 
Zn2TiO4 content increases. For the formation of RE titanate phases, both phases correspond to 
the reaction between TiO2 phase and RE2O3 phase (the final product of hydrated rare earth 
nitrate decomposition under high temperature [21-23]). In this phosphor system, the formation 
of Zn2TiO4, RE2Ti2O7, and RE2TiO5 phases are the competitive reaction which can be clarified 
by taking into account theoretical formation energy of each phase. The Zn2TiO4 phase is first 
formed since its formation energy (-2.88 eV) is more positive than that of RE2Ti2O7 (-3.8 eV) 
and RE2TiO5 (-3.79 eV) phases. It is worth noting that these theoretical formation energies are 
computed at 0 K and 0 atm, and neglect zero-point effects because heat capacity and density 
differences between solid phases are normally rather small, leading to only slight effects of 
temperature and pressure [24]. Furthermore, the Zn2TiO4 content and the amount of RE3+ ions 
in the Zn2TiO4 crystal matrix directly affect the changes in phase contents. On this basis, as 
increasing ZnO amount up to x = 1, the Zn2TiO4 content increases and the amount of RE3+ ions 
in its structure also increases, resulting in the diminution of RE2Ti2O7 and RE2TiO5 contents. 
In the case of TiO2 content, its reduction involves not only the reactions with ZnO and RE2O3, 
but also the solid solubility of TiO2 into Zn2TiO4 crystal structure (maximum at 0.33 mole over 
stoichiometry) [25]. The microstructure of all processed powders is shown in Figure 5.4. It was 
observed that all samples had the same physical characteristics; micron-scale particles in 
irregular shapes and different sizes which they were caused by milling process. Besides, this 
kind of morphology was obviously due to the agglomeration of particles that corresponded with 
the high firing temperature used in the final stage of preparation. 
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Figure 5.4. SEM images of various ZnO/TiO2 mixing ratios doped with 0.125 mol% Tm3+ and 
15 mol% Yb3+. Reproduced with permission from Kobwittaya et al., Vacuum, 148 (2018) 286-
295. Copyright (2017) Elsevier Ltd. 
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5.3.2. Effect of ZnO/TiO2 mixing ratio on upconversion luminescence (UCL) 
UCL spectra of various ZnO/TiO2 mixing ratios doped with 0.125 mol% Tm3+ and 15 mol% 
Yb3+ are shown in Figure 5.5. The results showed that the UC emission spectra of these products 
were dominated by NIR emission and they also exhibited very weak red emission. For the other 
emission peaks observed, they would be a specific characteristic that come from Zn2TiO4 
crystal structure which was in accordance with the sample, undoped Z1T1. The NIR spectral 
situated in the range of 774-831 nm and was attributed to 3H4 → 3H6 transition of Tm3+ with 
the maximum at 795 nm. For the obscure red spectral, it was estimated that this region located 
in the range of 675-700 nm and was ascribed to 3F2 → 3H6 transition of Tm3+. The strongest 
peak position in the red region could not be designated due to the equivocal peak positions 
(Figure 5.6) and identical UC emission color (Figure 5.7).  
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
 
 
Figure 5.5. UC emission spectra of various ZnO/TiO2 mixing ratios doped with 0.125 mol% 
Tm3+ and 15 mol% Yb3+, and irradiated with a 980-nm 165 mW laser. Reproduced with 
permission from Kobwittaya et al., Vacuum, 148 (2018) 286-295. Copyright (2017) Elsevier 
Ltd. 
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Figure 5.6. The magnified UC emission spectra of Figure 5.5, focusing on the ambiguous red 
emission region located around 675-700 nm wavelengths. Reproduced with permission from 
Kobwittaya et al., Vacuum, 148 (2018) 286-295. Copyright (2017) Elsevier Ltd. 
As shown in Figure 5.7, it was clear that the samples that contained RE3+ ions showed very 
weak red emission and their color was a little bit brighter than that of the sample without RE3+ 
ions. This phenomenon will be discussed later by considering UC mechanism. Due to the 
apparent NIR emission peak and indistinct red emission peak, the following explanations about 
the effect of ZnO/TiO2 mixing ratio on UCL will be explained based on the NIR emission only. 
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Figure 5.7. UC emission color of undoped ZnO:TiO2 = 1:1 (in mole), and various ZnO/TiO2 
mixing ratios doped with 0.125 mol% Tm3+ and 15 mol% Yb3+, and irradiated with a 980-nm 
165 mW laser. Reproduced with permission from Kobwittaya et al., Vacuum, 148 (2018) 286-
295. Copyright (2017) Elsevier Ltd. 
The effect of x-value on the maximum NIR emission intensity (at 795 nm wavelength) of the 
products is shown in Figure 5.8. This behavior can be separated into two parts. In the lower x-
value (x ≤ 1), with increase of ZnO amount up to x = 1, the emission intensity gradually 
increased. Further increasing ZnO amount at higher x-value (x > 1), the emission intensity 
dramatically decreased. Hence, the optimum ZnO/TiO2 mixing ratio is ZnO:TiO2 = 1:1  
(in mole). To understand the dependent emission intensity on various ZnO/TiO2 mixing ratios, 
the relative phase contents (Figure 5.3) were used to explain these phenomena. When the 
emission intensity increased (ZnO amount x = 0.5-1), the system consisted of four phases; 
Zn2TiO4, TiO2, RE2Ti2O7, and RE2TiO5. Subsequently, when the emission intensity primarily 
decreased and had a sharp inclination (1 < x ≤ 1.25), Zn2TiO4, RE2Ti2O7, and RE2TiO5 phases 
were observed without TiO2 phase. With higher ZnO amount (1.25 < x ≤ 1.5), the emission 
intensity continuously decreased, and the system comprised of only two phases; Zn2TiO4 and 
RE2Ti2O7. With these three sections of ZnO amount, the difference is the available of TiO2 
phase, whose solubility into Zn2TiO4 crystal matrix may affect the UC emission intensity. 
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Therefore, the strongest NIR emission is obtained by the Tm3+ transitions in the mixed phases 
system, containing Zn2TiO4, TiO2, RE2Ti2O7, and RE2TiO5 phases. 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 5.8. The NIR (795 nm) emission intensity versus various ZnO/TiO2 mixing ratios 
according to the details in Figure 5.5. Reproduced with permission from Kobwittaya et al., 
Vacuum, 148 (2018) 286-295. Copyright (2017) Elsevier Ltd. 
5.3.3 Site preference of Tm3+ and Yb3+ in Zn2TiO4 crystal structure 
According to the discussion about this topic in Chapter III, section 3.3.8, in this chapter, the 
explanation will be started by the calculation of lattice constant and lattice volume. The 
crystallographic data of Zn2TiO4; lattice constant and lattice volume, according to various 
ZnO/TiO2 mixing ratios doped with 0.125 mol% Tm3+ and 15 mol% Yb3+ are shown in Table 
5.1. 
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Table 5.1. The crystallographic data of Zn2TiO4; lattice constant and lattice volume of various 
ZnO/TiO2 mixing ratios doped with 0.125 mol% Tm3+ and 15 mol% Yb3+. Reproduced with 
permission from Kobwittaya et al., Vacuum, 148 (2018) 286-295. Copyright (2017) Elsevier 
Ltd. 
Sample Lattice constant (Å) Lattice volume (Å3) 
Zn2TiO4 (JCPDS 25-1164) 8.4602 605.54 
Z 0.5 T 1 8.4384 600.87 
Z 0.75 T 1 8.4352 600.18 
Z 1 T 1 8.4329 599.70 
Z 1.25 T 1 8.4390 600.99 
Z 1.5 T 1 8.4424 601.72 
Taking into account Zn2TiO4 unit cell volume in Table 5.1 and the dependent lattice volumes 
on various ZnO/TiO2 mixing ratios in Figure 5.9, they showed the identical behavior as 
described in the case of ZnO-TiO2: Er3+/Yb3+ (Chapter III, section 3.3.8) and ZnO-TiO2: 
Ho3+/Yb3+ (Chapter IV, section 4.3.6). Also, the effect of lattice volume on emission intensity 
(Figure 5.10) confirmed that the introduction of RE3+ ions into the Zn2TiO4 crystal is not equal 
in each sample, resulting in the change in Zn2TiO4 lattice volume and influencing to the 
variation of emission intensity. With these outcomes which are same as the obtained results of 
ZnO-TiO2: Er3+/Yb3+ (Chapter III, section 3.3.8) and ZnO-TiO2: Ho3+/Yb3+ (Chapter IV, 
section 4.3.6), therefore, the site preference of Tm3+ and Yb3+ in Zn2TiO4 crystal can be written 
as follows: 
Tm2O3 + 4TiO2	→ 2TmZnሺoctሻ∙  + 32 O2ሺgሻ + 6e' + 2TiZnሺoctሻ∙∙  + 2TiTi(oct) + 8Oox                           (5.2) 
Yb2O3 + 4TiO2	→ 2YbZnሺoctሻ∙  + 32 O2ሺgሻ + 6e' + 2TiZnሺoctሻ∙∙  + 2TiTi(oct) + 8Oox          (5.3)             
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Figure 5.9. The dependent lattice volumes of Zn2TiO4 crystal on various ZnO/TiO2 mixing 
ratios doped with 0.125 mol% Tm3+ and 15 mol% Yb3+.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
  
  
 
 
 
Figure 5.10. The NIR (795 nm) emission intensity of various ZnO/TiO2 mixing ratios doped 
with 0.125 mol% Tm3+ and 15 mol% Yb3+ versus various lattice volumes of Zn2TiO4 crystal 
according to the details in Figure 5.5 and Table 5.1. 
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5.3.4. Effect of Tm3+ and Yb3+ concentrations on upconversion luminescence (UCL) 
Figure 5.11 and 5.12 present the effect of various Tm3+ concentrations, while keeping 15 mol% 
Yb3+ concentration on the Z1T1 sample. As increasing Tm3+ concentration up to 0.125 mol%, 
the emission intensity increased because the Tm3+ activator concentration in the Zn2TiO4 crystal 
augmented. Further increase of Tm3+ concentration over 0.125 mol%, the emission intensity 
decreased because of concentration quenching.  
 
 
 
 
 
 
 
 
  
  
  
  
  
  
 
Figure 5.11. UC emission spectra of ZnO:TiO2 = 1:1 (in mole) doped with various mol% Tm3+ 
and 15 mol% Yb3+, and irradiated with a 980-nm 165 mW laser. Reproduced with permission 
from Kobwittaya et al., Vacuum, 148 (2018) 286-295. Copyright (2017) Elsevier Ltd. 
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Figure 5.12. The dependence of NIR (795 nm) emission intensity in Figure 5.11 on various 
Tm3+ concentrations. Reproduced with permission from Kobwittaya et al., Vacuum, 148 (2018) 
286-295. Copyright (2017) Elsevier Ltd. 
Figure 5.13 and 5.14 demonstrate the effect of various Yb3+ concentrations, while keeping 
0.125 mol% Tm3+ concentration on the Z1T1 sample. With increasing Yb3+ concentration up 
to 18 mol%, the emission intensity first increased, and then decreased at the concentration over 
15 mol%. The increased emission intensity is viable because of the higher concentration of 
dissolved Yb3+ concentration in the Zn2TiO4 phase which increases the number of pump 
photons and the excited Tm3+. The decreased emission intensity at higher Yb3+ concentration 
is in accordance with concentration quenching.  
Considering the quenching process, this effect could be described by the energy transfer 
between the two nearest neighbor dopant ions, either activator-activator or sensitizer-activator. 
As increasing dopant concentration, the distance between two ions is shortened, leading to the 
energy losses by the non-radiative energy transfers such as exchange energy process and multi-
phonon relaxation. Hence, the optimum Tm3+ and Yb3+ concentrations for generating strongest 
NIR emission are 0.125 and 15 mol%, respectively. Moreover, it is clear that the NIR emission 
intensity produced by ZnO-TiO2: Tm3+/Yb3+ phosphor relies mainly on the amount of Yb3+ in 
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the Zn2TiO4 host matrix more than that of Tm3+ which may have little effect on the NIR 
emission intensity. 
 
 
 
 
 
 
 
 
 
 
  
  
  
Figure 5.13. UC emission spectra of ZnO:TiO2 = 1:1 (in mole) doped with 0.125 mol% Tm3+ 
and various mol% Yb3+, and irradiated with a 980-nm 165 mW laser. Reproduced with 
permission from Kobwittaya et al., Vacuum, 148 (2018) 286-295. Copyright (2017) Elsevier 
Ltd. 
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Figure 5.14. The dependence of NIR (795 nm) emission intensity in Figure 5.13 on various 
Yb3+ concentrations. Reproduced with permission from Kobwittaya et al., Vacuum, 148 (2018) 
286-295. Copyright (2017) Elsevier Ltd. 
Nevertheless, the optimum concentration of Tm3+ was relatively low, therefore, the 
incorporation of Tm3+ including Yb3+ into Zn2TiO4 host matrix is the noteworthy point. This 
can be simply proved and clarified by considering the XRD patterns of controlled variables 
based on the best condition for generating strongest NIR emission, comprising of undoped 
Z1T1, 0.125 mol% Tm3+ doped Z1T1, 15 mol% Yb3+ doped Z1T1, and 0.125 mol% Tm3+/15 
mol% Yb3+ co-doped Z1T1. As shown in Figure 5.15(a), the result showed that when the system 
consisted of single dopant, RE2Ti2O7 and RE2TiO5 phases appeared. So, a certain amount of 
Tm3+ and Yb3+ exists in the form of RE titanate compounds, even if the system had very low 
amount of RE3+. Besides, the XRD peaks were found to shift to higher angle with increasing 
RE3+ concentration. As shown in Figure 5.15(b), the expanded XRD patterns of Figure 5.15(a) 
around 2θ = 35.2° (main peak position of Zn2TiO4 phase) showed the single peak with a shift 
toward higher angles. The shift establishes the substitution effects and indicates a structural 
modification due to the lattice distortion caused by the dopants. Therefore, both Tm3+ and Yb3+ 
assuredly get into the lattice of Zn2TiO4 phase, even if the optimum Tm3+ concentration was 
very low. 
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Figure 5.15. (a) XRD patterns of various controlled variables, and (b) the magnified XRD 
patterns of (a) around 2θ = 35.2°. Reproduced with permission from Kobwittaya et al., Vacuum, 
148 (2018) 286-295. Copyright (2017) Elsevier Ltd. 
5.3.5. Upconversion (UC) mechanism 
To understand the UC mechanism, it is well-known that, in the unsaturated UC processes, the 
number of photons which is required to populate the upper emitting state can be obtained by 
simple relationship, I ∝ Pn, where I is the UCL intensity, P is pump laser power, and n is the 
number of the pumped photons per the emitted photon [26]. As shown in Figure 5.16, the result 
indicated that the slope was 1.01 for NIR emission under between P = 15-196 mW. Typically, 
the experimental n-value is in the specific range of values and less than the maximum theoretical 
n-value for each possible UC mechanism; two-photon process (1 < n ≤ 2) or three-photon 
process (2 < n ≤ 3), because of the saturation effect in the UCL intensity mainly caused by the 
competition between linear decay and UC processes for the depletion of the intermediate 
excited states [27,28]. Thus, it may suggest that the two-photon process is responsible for NIR 
emission from ZnO-TiO2: Tm3+/Yb3+ phosphor. 
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Figure 5.16. Pump power dependent UC of ZnO:TiO2 = 1:1 (in mole) doped with 0.125 mol% 
Tm3+ and 15 mol% Yb3+, and irradiated with a 980-nm, 15-196 mW laser. Reproduced with 
permission from Kobwittaya et al., Vacuum, 148 (2018) 286-295. Copyright (2017) Elsevier 
Ltd. 
According to the result mentioned above, the UC mechanism of ZnO-TiO2: Tm3+/Yb3+ system 
is proposed and illustrated in Figure 5.17. Under a 980-nm laser excitation, the 2F7/2 level of 
Yb3+ and 3H6 level of Tm3+ are excited to 2F5/2 and 3H5 levels, respectively, by the ground state 
absorption (GSA) process. Later, the energy in 2F5/2 level of Yb3+ relaxes back in the form of 
non- nonradiative transition (NR) to the ground state 2F7/2 level due to the excess energy which 
is in accordance with lattice vibrations of the host material. Take into account the long lifetime 
of the excited 2F5/2 level of Yb3+ (typically one millisecond), Yb3+ may well transfer the 
excitation energy (as expressed as ET) to Tm3+ with higher probability than decaying the excited 
energy to its ground state [29]. Thus, the energy is transferred via energy transfer 1 (ET1) to 
the adjacent Tm3+, leading to the population of 3H5 level of Tm3+. Subsequent 3H5 → 3F4 
transition can be induced by NR. Through the excited state absorption (ESA) and ET2, the 3F4 
level is promoted to 3F2 level. At this state, 3F2 level generates energy in metastable 3H4 level 
via NR and some part of energy in 3F2 level relaxes back to the ground state of Tm3+ via 3F2 → 
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3H6 transition, resulting in the weak red emission. After that, the NIR emission takes place 
through the 3H4 → 3H6 transition of Tm3+ around 795 nm wavelength.  
 
 
 
 
 
 
 
 
Figure 5.17. Energy level diagram illustrating the proposed energy transfer mechanisms of 
ZnO-TiO2 doped with 0.125 mol% Tm3+ and 15 mol% Yb3+ under a 980-nm laser excitation. 
Reproduced with permission from Kobwittaya et al., Vacuum, 148 (2018) 286-295. Copyright 
(2017) Elsevier Ltd. 
Focusing on the energy transfer and observed emissions in this implied UC mechanism, it 
should be suggested that the Yb3+ → Tm3+ transition in Zn2TiO4 host is non-resonant with the 
involvement of phonon-assisted energy transfer because the energy mismatches between the 
transitions within Yb3+ (2F7/2 → 2F5/2) and Tm3+ (3H6 → 3H5 and 3F4 → 3F2) may require much 
number of phonons for the latter that the electrons in 3H4 level are more likely to reincorporate 
with electron acceptors by emitting NIR emission, rather than being recombined in 3F2 level to 
emit stronger red emission or further provoked into higher excited state (1G4 level) to generate 
additional visible emission (blue and more stronger red) [30,31]. For this reason, it would be 
indicated that the third energy transfer (ET3) from Yb3+/Tm3+ is effectively prevented, leading 
to the lack of blue and strong red emissions (STOP symbol ()). Therefore, it is worth noting 
that the restriction of ET3 and the mechanism between ET2+ESA and 3F2,3F3 levels of Tm3+ is 
the keystone for fabricating the pure NIR UCL materials. According to the n-value which is 
1.01, this could be ascribed to the competition between linear decay and UC processes at the 
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intermediate excited states 3F4 of Tm3+. The UC process and linear decay at this excited state 
are 3F4 → 3F2 and 3F4 → 3H6, respectively. Because of the n-value that is approximately one for 
the NIR emission, therefore, the UC process (ESA) is the dominant depletion mechanism which 
causes the saturation effect in UCL intensity and the decrease in n-value. 
5.3.6. Comparison of ZnO-TiO2 composite UC phosphors prepared by various methods 
According to various methods used for preparing ZnO-TiO2 composite UC phosphors, there are 
only three methods, including in this study; solid-state reaction (SSR) [13,14], metal-organic 
decomposition (MOD) [15-17], and powder-solution mixing (PSM). Considering the physical 
characteristics of final products prepared by these methods, the MOD presents the products in 
the form of thin films coated on substrate, while the SSR and PSM show the products in the 
form of pellet and powder. In the case of final firing temperature and firing time used in these 
methods, the final products are obtained under different conditions, 1200 °C 4 h (SSR), 1000 
°C 4 h (MOD), and 1300 °C 1 h (PSM). Even though the physical characteristics of the final 
products, operating temperature, and reaction time on the synthesis related to these methods are 
diverse, but they show the same optimum ZnO/TiO2 mixing ratio = 1:1 (in mole). Additionally, 
they demonstrate the highest UC emission intensity in the same state that is under multiple 
phases cooccurrence, for example the products prepared by SSR and MOD exhibit the strongest 
UC emission intensity under the coexistence of Zn2TiO4, rutile TiO2, RE2Ti2O7 phases. 
After reviewing these preparation methods, it is clearly observed that there are some 
disadvantages needed to be improved to obtain higher efficiency of the ZnO-TiO2 composite 
UC phosphors. Concerning the drawbacks of each method that influence the effectiveness of 
UC phosphor, the products prepared by SSR would be incompletely formed because of the 
diffusion limited, causing to the incomplete reaction, some loss of reactants, and compositional 
inhomogeneity of the product [8]. For the MOD including general film deposition methods, 
there are many criteria needed to be controlled, for example deposition rate, film uniformity, 
quality of film, and type of substrate [32,33], leading to a much wider variation in performance 
of UC phosphor thin films before obtaining the excellent one. In the case of PSM, the obvious 
disadvantage is the agglomeration of particles which is the limitation of nanosized materials 
production. Nevertheless, PSM method is the new method that is first proposed in this study. 
At this stage, the good points for this new method are the use of water as solvent which offers 
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simple operation and high efficiency in reactions, possible to obtain the homogenous product, 
easily understandable method because of a few simple steps, and cost and energy savings due 
to low cost reactants and shorter preparation time. With these advantages, therefore, the 
powder-solution mixing method might be one of the appropriate techniques for the fabrication 
of efficient UC phosphors. 
5.4 Conclusion 
Tm3+/Yb3+ co-doped ZnO-TiO2 composite UC phosphor was successfully synthesized by the 
new simple method, powder-solution mixing method. Under a 980-nm laser excitation, the UC 
spectra demonstrated two emissions, dominant NIR emission centered at 795 nm wavelength 
in accordance with the 3H4 → 3H6 transition of Tm3+ and very weak red emission located at 
around 675-750 nm wavelengths corresponding to 3F2 → 3H6 transition of Tm3+. In the case of 
very weak red emission and its ambiguous emission spectra which it seemed that the red 
emission did not exist, therefore, it could be summarized that this system exhibited nearly pure 
NIR emission. The dependence of NIR emission intensity on various pump power from 15-196 
mW showed that two-photon process was responsible for NIR emission from ZnO-TiO2: 
Tm3+/Yb3+ phosphor. The optimum ZnO/TiO2 mixing ratio was ZnO:TiO2 = 1:1 (in mole). The 
NIR emission intensity reached a maximum value for the sample that contained 0.125 mol% 
Tm3+ and 15 mol% Yb3+. Strongest NIR emission intensity of ZnO-TiO2 composite doped with 
Tm3+ and Yb3+ was observed from the product with multiple phases, comprising of Zn2TiO4, 
TiO2, RE2Ti2O7, and RE2TiO5 (RE = Tm3+ and/or Yb3+). 
In the case of site preference of Tm3+ and Yb3+ in the Zn2TiO4 crystal structure, the most 
possibility of site preference should take place at the vacant Zn site in octahedral ሺVZn(oct)'' ሻ that 
would appear when the remaining TiO2 and RE3+ ions are introduced into Zn2TiO4 crystal 
matrix. This possibility is confirmed by considering the changes in the unit cell parameter of 
host material. These changes occur because the amount of RE3+ ions that enters Zn2TiO4 crystal 
matrix is not equal in each sample due to the dissimilar number of VZn(oct)''  caused by the 
different ZnO/TiO2 mixing ratios and remaining TiO2, resulting in the varying of lattice 
constant, lattice volume, including the variation of emission intensity. Based on the results in 
this study, the benefit experienced from these results is that ZnO-TiO2 composite doped with 
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Tm3+ and Yb3+ has the potential to be an ideal UC phosphor for emitting pure NIR emission 
which is the considerable radiation used in biomedical imaging for diagnostics. 
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Chapter VI  
 
 
Conclusion and Recommendations for future work 
 
6.1 Summary of the results 
The core objective of the research presented in this dissertation was the synthesis and 
characterizations of rare earth elements doped ZnO-TiO2 composite based upconversion (UC) 
phosphor using solid-state reaction method and a new proposed method, namely powder-
solution mixing method to develop novel efficient UC phosphors and to improve the 
luminescence properties for various practical applications. The considerable results of the 
present study are summarized as follows. 
At first, the Ho3+ and Yb3+ co-doped ZnO-TiO2 composite prepared by solid-state reaction 
method was successfully synthesized. Under a 980-nm laser excitation, the most efficient 
product exhibited green color which was in accordance with the UC emission spectra peaks 
centered at 542 and 670 nm wavelengths from the 5F4, 5S2 → 5I8 and 5F5 → 5I8 transitions of 
Ho3+. The optimum condition for obtaining the brightest green UC emission was ZnO:TiO2 = 
1:1 (in mole) doped with 0.05 mol% Ho3+, 9 mol% Yb3+ fired at 1200 °C for 4 h. Additionally, 
this brightest green UC emission occurred when the system consisted of mixed phases, 
Zn2TiO4, TiO2, RE2Ti2O7, and RE2TiO5 (RE = Ho3+ and/or Yb3+). Pump power dependent UC 
revealed that two-photon process was responsible for this UC system.   
Later, ZnO-TiO2 composite doped with three pairs of rare earth ions (Er3+/Yb3+, Ho3+/Yb3+, and 
Tm3+/Yb3+) prepared by a new synthetic method, powder-solution mixing method, was 
successfully carried out. Under a 980-nm laser excitation, the results of UC luminescence 
(UCL) measurement of these three systems revealed that, at the strongest UC emission 
intensity, the products containing Er3+/Yb3+, Ho3+/Yb3+, and Tm3+/Yb3+ exhibited bright red, 
bright green, and nearly pure NIR emissions. Corresponding UCL spectra showed that, for the 
Er3+/Yb3+ system, there were two emission bands detected, weak green band centered at 544 
and 559 nm wavelengths, and strong red band centered at 657 and 675 nm wavelengths which 
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both bands were in accordance with 2H11/2, 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions of Er3+, 
respectively. For Ho3+/Yb3+ system, the UC emission spectra showed green and red emission 
bands centered at 538 and 669 nm wavelengths, respectively. These two emission bands 
occurred due to the 5F4, 5S2 → 5I8 and 5F5 → 5I8 transitions of Ho3+, respectively. And, for 
Tm3+/Yb3+ system, the UC emission spectra demonstrated two emissions, dominant NIR 
emission centered at 795 nm wavelength which it was in accordance with the 3H4 → 3H6 
transition of Tm3+ and very weak red emission located at around 675-750 nm wavelengths 
corresponding to 3F2 → 3H6 transition of Tm3+. These results were observed in the samples fired 
at 1300 °C for 1 h and at the ZnO/TiO2 mixing ratio of 1:1 (in mole). Also, the XRD results 
revealed that all efficient samples were under the mixed phases condition, consisting of 
Zn2TiO4, TiO2, RE2Ti2O7, and RE2TiO5 (RE is the dopants which can be either one or both, e.g. 
Er3+ and/or Yb3+). For the dopant concentration, the optimum content (at mol%) was 3/9 for 
Er3+/Yb3+, 0.03/9 for Ho3+/Yb3+, and 0.125/15 for Tm3+/Yb3+. The dependence of UC emission 
intensity on various excitation pump power (980-nm laser, 15-196 mW laser) indicated that the 
two-photon process was responsible for these UC systems. 
The simple chemical formula equations, for explaining the site preference of rare earth ions in 
host crystal matrix, were generated by considering the target host crystal structure, its crystal 
properties, and the effect of dopant ions to its crystal matrix. The results showed that the most 
possibility of site preference of RE3+ ions in the host crystal matrix of Zn2TiO4 should be at the 
vacant Zn site in octahedral ሺVZn(oct)'' ሻ according to the equation below; 
RE2O3 + 4TiO2	→ 2REZnሺoctሻ∙  + 32 O2ሺgሻ + 6e
' + 2TiZnሺoctሻ∙∙  + 2TiTi(oct) + 8Oox 
where RE is trivalent rare earth (RE3+) ions used in each system. 
This VZn(oct)''  would appear when there were excess TiO2 in the system (this caused the existence 
of VZn(tet)'' ) and followed by the incorporation of RE3+ ions into Zn2TiO4 matrix (this caused the 
change in position of Zn2+, moving from octahedral site to VZn(tet)''  because of bigger ionic radii 
of RE3+ ions forcing them). This process is related to the assumption that the RE3+ ions go to 
VZn(oct)''  easier than occupy Zn2+ or Ti4+ sites, and vacant Zn site in tetrahedral ሺVZn(tet)'' ሻ due to 
the mismatch ionic radii and electronic charge of RE3+ ions, and Zn2+ or Ti4+ ions, including 
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inappropriate radius of ሺVZn(tet)'' ሻ. Additionally, this proposed site preference equation is also 
verified by considering A and B-sites of Zn2TiO4 crystal structure. The tetrahedral (A-site) 
corresponds to 2ZnZn due to the 2Zn2+ from the occurrence of 2VZn(oct)''  and octahedral (B-site) 
conforms to ሺ2REZn∙ 	+ 2TiZn∙∙ ሻ	+	2TiTi. Therefore, the possible site preference of RE3+ ions in 
Zn2TiO4 matrix is (ZnZn)2(tet)(ሺREZn∙ + TiZn∙∙ ሻ	+ TiTi)4(oct)(Oox)8  that equals to theoretical site 
AB2O4 type of Zn2TiO4 crystal structure. Besides, this phenomenon is mostly expressed in the 
changes in unit cell parameter of Zn2TiO4 crystal, which lead to the decrease in its lattice 
constant and lattice volume.  
The changes in unit cell volume of Zn2TiO4 host crystal corresponds to the positive charge that 
occurs when VZn(oct)''  is generated and then substituted by RE3+ ions. In the equation, this is in 
accordance with 2REZnሺoctሻ∙ . Also, the positive charge in all cation positions is higher than the 
negative charge of oxygen. So, according to Coulomb force, the positive charge would attract 
the negative charge, leading to the abatement of Zn2TiO4 lattice volume. With this behavior, it 
can be summarized that the change in Zn2TiO4 lattice volume is based on the amount of VZn(oct)''  
and RE3+ ions incorporated into Zn2TiO4 crystal matrix. Hence, it can be indicated that, in the 
ZnO-TiO2 doped with rare earth elements, the relation between luminescence emission 
intensity and lattice volume is reverse variation. 
In addition, the phosphors prepared by solid-state reaction (SSR) and powder-solution mixing 
(PSM) methods were compared by considering the products with the same physical 
characteristic (pellet (SSR) / pellet (PSM) and powder (SSR) / powder (PSM)) and their UC 
emission intensity. The results revealed that the emission intensity of PSM sample was more 
well-distributed over the whole surface than that of SSR sample for both pellet and powder 
forms. This can be explained as follows. The SSR method provides the direct reaction between 
the reactants (solid-solid reaction) at high temperature via diffusion process, therefore, the 
inhomogeneity of the product may take place due to the incomplete mixing of raw materials 
and the formation process. On the other hand, the PSM method involves various blending steps 
based on the mixing of nitrate-based compounds, sol solution, and solid particles in deionized 
water. Due to the use of dopants in the form of solution and the preparation via liquid-phase 
mixing, the PSM method results in the complete mixing of raw materials and the homogeneity 
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of raw mixture. For this reason, in the case of PSM sample, the dopants are well-distributed 
over the raw mixture and they easily get into the host material more than in the case of SSR 
sample. Hence, higher homogeneity of the product can be obtained. 
According to the existed preparation methods used for preparing ZnO-TiO2 composite UC 
phosphors, there are only three methods, including in this study; solid-state reaction (SSR), 
metal-organic decomposition (MOD), and powder-solution mixing (PSM). Considering the 
physical characteristics of final products prepared by these methods, the MOD presents the 
products in the form of thin films coated on substrate, while the SSR and PSM show the 
products in the form of pellet and powder. In the case of final firing temperature and firing time 
used in these methods, the final products are obtained under different conditions, 1200 °C 4 h 
(SSR), 1000 °C 4 h (MOD), and 1300 °C 1 h (PSM). Even though the physical characteristics 
of the final products, operating temperature, and reaction time on the synthesis related to these 
methods are diverse, but they show the same optimum ZnO/TiO2 mixing ratio = 1:1 (in mole). 
Additionally, they demonstrate the highest UC emission intensity in the same state that is under 
multiple phases cooccurrence, for example the products prepared by SSR and MOD exhibit the 
strongest UC emission intensity under the coexistence of Zn2TiO4, rutile TiO2, RE2Ti2O7 
phases. 
After reviewing these preparation methods, it is clearly observed that there are some 
disadvantages needed to be improved to obtain higher efficiency of the ZnO-TiO2 composite 
UC phosphors. Concerning the drawbacks of each method that influence the effectiveness of 
UC phosphor, the products prepared by SSR would be incompletely formed because of the 
diffusion limited, causing to the incomplete reaction, some loss of reactants, and compositional 
inhomogeneity of the product. For the MOD including general film deposition methods, there 
are many criteria needed to be controlled, for example deposition rate, film uniformity, quality 
of film, and the type of substrates, leading to a much wider variation in performance of UC 
phosphor thin films before obtaining the excellent one. In the case of PSM, the obvious 
disadvantage is the agglomeration of particles which is the limitation of nanosized materials 
production. However, PSM method is the new method that is first proposed in this study. At 
this stage, the good points for this new method are the use of water as solvent which offers 
simple operation and high efficiency in reactions, possible to obtain the homogenous product, 
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easily understandable method because of a few simple steps, and cost and energy savings due 
to low cost reactants and shorter preparation time. With these advantages and the results 
summarized previously, therefore, the powder-solution mixing method might be one of the 
appropriate techniques for the fabrication of efficient UC phosphors. 
6.2 Recommendations for future work 
The research directions for the future work related to this dissertation are suggested and 
discussed as follows. 
1. To enhance the UCL properties of rare earth elements doped ZnO-TiO2 composite 
phosphors, the adding of metal ions such as Li+, K+, and B3+ may be considered as co-
dopant, working together with sensitizer-activator pairs of ions. 
2. To complete the RGB (Red, Green, Blue) color model of ZnO-TiO2 composite UC 
phosphor, the blue emission color exhibited by this phosphor is necessary to be investigated 
by exploring the decent dopants. 
3. The 980-nm laser excitation used in this study provides continuous waveform. So, the other 
types of waveform such as pulse wave and ultra-pulse wave may be examined. 
4. Color-tunable UCL from rare earth elements tri-doped ZnO-TiO2 composite may be 
investigated. 
5. To overcome the limitation of powder-solution mixing method that the nanosized product 
cannot be obtained, the development of this preparation method should be considered. 
6. The ZnO-TiO2 composite phosphor prepared by other techniques especially the methods 
that can produce nanosized products may be studied. 
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Figure A1. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.001 RE3+ at Zn2+ position in tetrahedral site. (Rwp = 
46.530%, Rp = 35.675%). 
 
 
Figure A2. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.01 RE3+ at Zn2+ position in tetrahedral site. (Rwp = 
46.502%, Rp = 35.607%). 
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Figure A3. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.05 RE3+ at Zn2+ position in tetrahedral site. (Rwp = 
46.462%, Rp = 35.369%). 
 
Figure A4. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.1 RE3+ at Zn2+ position in tetrahedral site. (Rwp = 
46.514%, Rp = 35.279%). 
 
218 
 
 
Figure A5. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.001 RE3+ at Zn2+ position in octahedral site. (Rwp = 
46.516%, Rp = 35.637%). 
 
Figure A6. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.01 RE3+ at Zn2+ position in octahedral site. (Rwp = 
46.468%, Rp = 35.503%). 
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Figure A7. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.05 RE3+ at Zn2+ position in octahedral site. (Rwp = 
46.657%, Rp = 35.427%). 
 
Figure A8. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.1 RE3+ at Zn2+ position in octahedral site. (Rwp = 
47.293%, Rp = 36.371%). 
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Figure A9. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.001 RE3+ at Ti4+ position in octahedral site. (Rwp = 
46.561%, Rp = 35.726%). 
 
Figure A10. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.01 RE3+ at Ti4+ position in octahedral site. (Rwp = 
46.476%, Rp = 35.523%). 
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Figure A11. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.05 RE3+ at Ti4+ position in octahedral site. (Rwp = 
46.612%, Rp = 35.379%). 
 
Figure A12. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and  
9 mol% Yb3+ fired at 1300 °C, site occupancy: 0.1 RE3+ at Ti4+ position in octahedral site. (Rwp 
= 47.120%, Rp = 36.141%). 
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Figure A13. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.001 RE3+ at Zn2+ and Ti4+ positions in octahedral site. 
(Rwp = 46.537%, Rp = 35.698%). 
 
Figure A14. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.01 RE3+ at Zn2+ and Ti4+ positions in octahedral site. 
(Rwp = 46.485%, Rp = 35.537%). 
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Figure A15. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.05 RE3+ at Zn2+ and Ti4+ positions in octahedral site. 
(Rwp = 46.601%, Rp = 35.428%). 
 
Figure A16. Rietveld plot of ZnO:TiO2 = 1:1 (in mole) doped with 3 mol% Er3+ and 9 mol% 
Yb3+ fired at 1300 °C, site occupancy: 0.1 RE3+ at Zn2+ and Ti4+ positions in octahedral site. 
(Rwp = 47.204%, Rp = 36.240%). 
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Table A1. Original Zn2TiO4 crystal structure parameters. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.500 
Zn ZnB 0.625 0.625 0.625 0.500 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
Remark: A is A-site of Zn2TiO4 crystal referred to tetrahedral site. 
    B is B-site of Zn2TiO4 crystal referred to octahedral site.   
    x, y, z is crystallographic coordinate system. 
               Occupancy is the proportion of site occupancy of each atom at such position     
    (e.g. 1.000 = 100%). 
Table A2. Zn2TiO4 crystal structure parameters corresponding to Figure A1. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.500 
Zn ZnB 0.625 0.625 0.625 0.500 
Zn ZnA 0.000 0.000 0.000 0.999 
O O 0.380 0.380 0.380 1.000 
REs REA 0.000 0.000 0.000 0.001 
Remark: REs is Er3+ and/or Yb3+. 
Table A3. Zn2TiO4 crystal structure parameters corresponding to Figure A2. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.500 
Zn ZnB 0.625 0.625 0.625 0.500 
Zn ZnA 0.000 0.000 0.000 0.990 
O O 0.380 0.380 0.380 1.000 
REs REA 0.000 0.000 0.000 0.010 
Table A4. Zn2TiO4 crystal structure parameters corresponding to Figure A3. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.500 
Zn ZnB 0.625 0.625 0.625 0.500 
Zn ZnA 0.000 0.000 0.000 0.950 
O O 0.380 0.380 0.380 1.000 
REs REA 0.000 0.000 0.000 0.050 
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Table A5. Zn2TiO4 crystal structure parameters corresponding to Figure A4. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.500 
Zn ZnB 0.625 0.625 0.625 0.500 
Zn ZnA 0.000 0.000 0.000 0.900 
O O 0.380 0.380 0.380 1.000 
REs REA 0.000 0.000 0.000 0.100 
Table A6. Zn2TiO4 crystal structure parameters corresponding to Figure A5. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.500 
Zn ZnB 0.625 0.625 0.625 0.499 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
REs REB 0.000 0.000 0.000 0.001 
Table A7.  Zn2TiO4 crystal structure parameters corresponding to Figure A6. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.500 
Zn ZnB 0.625 0.625 0.625 0.490 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
REs REB 0.000 0.000 0.000 0.010 
Table A8. Zn2TiO4 crystal structure parameters corresponding to Figure A7. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.500 
Zn ZnB 0.625 0.625 0.625 0.450 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
REs REB 0.000 0.000 0.000 0.050 
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Table A9. Zn2TiO4 crystal structure parameters corresponding to Figure A8. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.500 
Zn ZnB 0.625 0.625 0.625 0.400 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
REs REB 0.000 0.000 0.000 0.100 
Table A10. Zn2TiO4 crystal structure parameters corresponding to Figure A9. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.499 
Zn ZnB 0.625 0.625 0.625 0.500 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
REs REB 0.000 0.000 0.000 0.001 
Table A11. Zn2TiO4 crystal structure parameters corresponding to Figure A10. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.490 
Zn ZnB 0.625 0.625 0.625 0.500 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
REs REB 0.000 0.000 0.000 0.010 
Table A12. Zn2TiO4 crystal structure parameters corresponding to Figure A11. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.450 
Zn ZnB 0.625 0.625 0.625 0.500 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
REs REB 0.000 0.000 0.000 0.050 
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Table A13. Zn2TiO4 crystal structure parameters corresponding to Figure A12. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.400 
Zn ZnB 0.625 0.625 0.625 0.500 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
REs REB 0.000 0.000 0.000 0.100 
Table A14. Zn2TiO4 crystal structure parameters corresponding to Figure A13. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.4995 
Zn ZnB 0.625 0.625 0.625 0.4995 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
REs REB 0.000 0.000 0.000 0.001 
Table A15. Zn2TiO4 crystal structure parameters corresponding to Figure A14. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.495 
Zn ZnB 0.625 0.625 0.625 0.495 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
REs REB 0.000 0.000 0.000 0.010 
Table A16. Zn2TiO4 crystal structure parameters corresponding to Figure A15. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.475 
Zn ZnB 0.625 0.625 0.625 0.475 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
REs REB 0.000 0.000 0.000 0.050 
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Table A17. Zn2TiO4 crystal structure parameters corresponding to Figure A16. 
Atom Site x y z Occupancy 
Ti TiB 0.625 0.625 0.625 0.450 
Zn ZnB 0.625 0.625 0.625 0.450 
Zn ZnA 0.000 0.000 0.000 1.000 
O O 0.380 0.380 0.380 1.000 
REs REB 0.000 0.000 0.000 0.100 
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4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs and expenses, including legal fees and expenses, arising out of 
any use of a Work beyond the scope of the rights granted herein, or any use of a Work which has been altered in any 
unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy or other 
tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF 
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO 
USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the 
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total 
amount actually paid by User for this license. User assumes full liability for the actions and omissions of its principals, 
employees, agents, affiliates, successors and assigns.
6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER 
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT 
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL 
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER 
PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER 
UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO 
GRANT.
7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of the 
license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of written 
notice thereof shall result in immediate termination of such license without further notice. Any unauthorized (but 
licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the 
Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated 
immediately for any reason (including, for example, because materials containing the Work cannot reasonably be 
recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less than three times 
the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's and/or CCC's 
costs and expenses incurred in collecting such payment.
8. Miscellaneous.
8.1 User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and 
conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise for the purposes of 
notifying User of such changes or additions; provided that any such changes or additions shall not apply to permissions 
already secured and paid for.
8.2 Use of User-related information collected through the Service is governed by CCC’s privacy policy, available online 
here:  http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html.
8.3 The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or 
transfer to any other person (whether a natural person or an organization of any kind) the license created by the Order 
Confirmation and these terms and conditions or any rights granted hereunder; provided, however, that User may assign 
such license in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User’s rights in 
the new material which includes the Work(s) licensed under this Service.
8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The 
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its principals, 
employees, agents or affiliates and purporting to govern or otherwise relate to the licensing transaction described in the 
Order Confirmation, which terms are in any way inconsistent with any terms set forth in the Order Confirmation and/or in 
these terms and conditions or CCC's standard operating procedures, whether such writing is prepared prior to, 
simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the Order 
Confirmation or in a separate instrument.
8.5 The licensing transaction described in the Order Confirmation document shall be governed by and construed under 
the law of the State of New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, 
suit, action, or proceeding arising out of, in connection with, or related to such licensing transaction shall be brought, at 
CCC's sole discretion, in any federal or state court located in the County of New York, State of New York, USA, or in any 
federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order 
Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.If 
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Creative Commons Legal Code
Attribution-NoDerivatives 4.0 International
Official translations of this license are available in other languages.
Creative Commons Corporation (“Creative Commons”) is not a law firm and does not provide legal
services or legal advice. Distribution of Creative Commons public licenses does not create a lawyer-
client or other relationship. Creative Commons makes its licenses and related information available on
an “as-is” basis. Creative Commons gives no warranties regarding its licenses, any material licensed
under their terms and conditions, or any related information. Creative Commons disclaims all liability
for damages resulting from their use to the fullest extent possible.
Using Creative Commons Public Licenses
Creative Commons public licenses provide a standard set of terms and conditions that creators and
other rights holders may use to share original works of authorship and other material subject to
copyright and certain other rights specified in the public license below. The following considerations are
for informational purposes only, are not exhaustive, and do not form part of our licenses.
Considerations for licensors: Our public licenses are intended for use by those authorized to give
the public permission to use material in ways otherwise restricted by copyright and certain other
rights. Our licenses are irrevocable. Licensors should read and understand the terms and
conditions of the license they choose before applying it. Licensors should also secure all rights
necessary before applying our licenses so that the public can reuse the material as expected.
Licensors should clearly mark any material not subject to the license. This includes other CC-
licensed material, or material used under an exception or limitation to copyright. More
considerations for licensors.
Considerations for the public: By using one of our public licenses, a licensor grants the public
permission to use the licensed material under specified terms and conditions. If the licensor’s
permission is not necessary for any reason–for example, because of any applicable exception or
limitation to copyright–then that use is not regulated by the license. Our licenses grant only
permissions under copyright and certain other rights that a licensor has authority to grant. Use of
the licensed material may still be restricted for other reasons, including because others have
copyright or other rights in the material. A licensor may make special requests, such as asking that
all changes be marked or described. Although not required by our licenses, you are encouraged to
respect those requests where reasonable. More considerations for the public.
Creative Commons Attribution-NoDerivatives 4.0 International Public License
By exercising the Licensed Rights (defined below), You accept and agree to be bound by the terms and
conditions of this Creative Commons Attribution-NoDerivatives 4.0 International Public License ("Public
License"). To the extent this Public License may be interpreted as a contract, You are granted the
Licensed Rights in consideration of Your acceptance of these terms and conditions, and the Licensor
grants You such rights in consideration of benefits the Licensor receives from making the Licensed
Material available under these terms and conditions.
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Section 1 – Definitions.
a. Adapted Material means material subject to Copyright and Similar Rights that is derived from or
based upon the Licensed Material and in which the Licensed Material is translated, altered,
arranged, transformed, or otherwise modified in a manner requiring permission under the
Copyright and Similar Rights held by the Licensor. For purposes of this Public License, where the
Licensed Material is a musical work, performance, or sound recording, Adapted Material is always
produced where the Licensed Material is synched in timed relation with a moving image.
b. Copyright and Similar Rights means copyright and/or similar rights closely related to copyright
including, without limitation, performance, broadcast, sound recording, and Sui Generis Database
Rights, without regard to how the rights are labeled or categorized. For purposes of this Public
License, the rights specified in Section 2(b)(1)-(2) are not Copyright and Similar Rights.
c. Effective Technological Measures means those measures that, in the absence of proper
authority, may not be circumvented under laws fulfilling obligations under Article 11 of the WIPO
Copyright Treaty adopted on December 20, 1996, and/or similar international agreements.
d. Exceptions and Limitations means fair use, fair dealing, and/or any other exception or limitation
to Copyright and Similar Rights that applies to Your use of the Licensed Material.
e. Licensed Material means the artistic or literary work, database, or other material to which the
Licensor applied this Public License.
f. Licensed Rights means the rights granted to You subject to the terms and conditions of this
Public License, which are limited to all Copyright and Similar Rights that apply to Your use of the
Licensed Material and that the Licensor has authority to license.
g. Licensor means the individual(s) or entity(ies) granting rights under this Public License.
h. Share means to provide material to the public by any means or process that requires permission
under the Licensed Rights, such as reproduction, public display, public performance, distribution,
dissemination, communication, or importation, and to make material available to the public
including in ways that members of the public may access the material from a place and at a time
individually chosen by them.
i. Sui Generis Database Rights means rights other than copyright resulting from Directive 96/9/EC
of the European Parliament and of the Council of 11 March 1996 on the legal protection of
databases, as amended and/or succeeded, as well as other essentially equivalent rights anywhere
in the world.
j. You means the individual or entity exercising the Licensed Rights under this Public License. Your
has a corresponding meaning.
Section 2 – Scope.
a. License grant.
1. Subject to the terms and conditions of this Public License, the Licensor hereby grants You a
worldwide, royalty-free, non-sublicensable, non-exclusive, irrevocable license to exercise
the Licensed Rights in the Licensed Material to:
A. reproduce and Share the Licensed Material, in whole or in part; and
B. produce and reproduce, but not Share, Adapted Material.
2. Exceptions and Limitations. For the avoidance of doubt, where Exceptions and Limitations
apply to Your use, this Public License does not apply, and You do not need to comply with
its terms and conditions.
3. Term. The term of this Public License is specified in Section 6(a).
4. Media and formats; technical modifications allowed. The Licensor authorizes You to
exercise the Licensed Rights in all media and formats whether now known or hereafter
created, and to make technical modifications necessary to do so. The Licensor waives
and/or agrees not to assert any right or authority to forbid You from making technical
modifications necessary to exercise the Licensed Rights, including technical modifications
necessary to circumvent Effective Technological Measures. For purposes of this Public
License, simply making modifications authorized by this Section 2(a)(4) never produces
Adapted Material.
5. Downstream recipients.
A. Offer from the Licensor – Licensed Material. Every recipient of the Licensed Material
automatically receives an offer from the Licensor to exercise the Licensed Rights
under the terms and conditions of this Public License.
B. No downstream restrictions. You may not offer or impose any additional or different
terms or conditions on, or apply any Effective Technological Measures to, the
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Licensed Material if doing so restricts exercise of the Licensed Rights by any
recipient of the Licensed Material.
6. No endorsement. Nothing in this Public License constitutes or may be construed as
permission to assert or imply that You are, or that Your use of the Licensed Material is,
connected with, or sponsored, endorsed, or granted official status by, the Licensor or others
designated to receive attribution as provided in Section 3(a)(1)(A)(i).
b. Other rights.
1. Moral rights, such as the right of integrity, are not licensed under this Public License, nor are
publicity, privacy, and/or other similar personality rights; however, to the extent possible, the
Licensor waives and/or agrees not to assert any such rights held by the Licensor to the
limited extent necessary to allow You to exercise the Licensed Rights, but not otherwise.
2. Patent and trademark rights are not licensed under this Public License.
3. To the extent possible, the Licensor waives any right to collect royalties from You for the
exercise of the Licensed Rights, whether directly or through a collecting society under any
voluntary or waivable statutory or compulsory licensing scheme. In all other cases the
Licensor expressly reserves any right to collect such royalties.
Section 3 – License Conditions.
Your exercise of the Licensed Rights is expressly made subject to the following conditions.
a. Attribution.
1. If You Share the Licensed Material, You must:
A. retain the following if it is supplied by the Licensor with the Licensed Material:
i. identification of the creator(s) of the Licensed Material and any others
designated to receive attribution, in any reasonable manner requested by the
Licensor (including by pseudonym if designated);
ii. a copyright notice;
iii. a notice that refers to this Public License;
iv. a notice that refers to the disclaimer of warranties;
v. a URI or hyperlink to the Licensed Material to the extent reasonably
practicable;
B. indicate if You modified the Licensed Material and retain an indication of any previous
modifications; and
C. indicate the Licensed Material is licensed under this Public License, and include the
text of, or the URI or hyperlink to, this Public License.
For the avoidance of doubt, You do not have permission under this Public License to Share
Adapted Material.
2. You may satisfy the conditions in Section 3(a)(1) in any reasonable manner based on the
medium, means, and context in which You Share the Licensed Material. For example, it may
be reasonable to satisfy the conditions by providing a URI or hyperlink to a resource that
includes the required information.
3. If requested by the Licensor, You must remove any of the information required by Section
3(a)(1)(A) to the extent reasonably practicable.
Section 4 – Sui Generis Database Rights.
Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of the Licensed
Material:
a. for the avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, reproduce, and
Share all or a substantial portion of the contents of the database, provided You do not Share
Adapted Material;
b. if You include all or a substantial portion of the database contents in a database in which You have
Sui Generis Database Rights, then the database in which You have Sui Generis Database Rights
(but not its individual contents) is Adapted Material; and
c. You must comply with the conditions in Section 3(a) if You Share all or a substantial portion of the
contents of the database.
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For the avoidance of doubt, this Section 4 supplements and does not replace Your obligations under this
Public License where the Licensed Rights include other Copyright and Similar Rights.
Section 5 – Disclaimer of Warranties and Limitation of Liability.
a. Unless otherwise separately undertaken by the Licensor, to the extent possible, the
Licensor offers the Licensed Material as-is and as-available, and makes no representations
or warranties of any kind concerning the Licensed Material, whether express, implied,
statutory, or other. This includes, without limitation, warranties of title, merchantability,
fitness for a particular purpose, non-infringement, absence of latent or other defects,
accuracy, or the presence or absence of errors, whether or not known or discoverable.
Where disclaimers of warranties are not allowed in full or in part, this disclaimer may not
apply to You.
b. To the extent possible, in no event will the Licensor be liable to You on any legal theory
(including, without limitation, negligence) or otherwise for any direct, special, indirect,
incidental, consequential, punitive, exemplary, or other losses, costs, expenses, or
damages arising out of this Public License or use of the Licensed Material, even if the
Licensor has been advised of the possibility of such losses, costs, expenses, or damages.
Where a limitation of liability is not allowed in full or in part, this limitation may not apply to
You.
c. The disclaimer of warranties and limitation of liability provided above shall be interpreted in a
manner that, to the extent possible, most closely approximates an absolute disclaimer and waiver
of all liability.
Section 6 – Term and Termination.
a. This Public License applies for the term of the Copyright and Similar Rights licensed here.
However, if You fail to comply with this Public License, then Your rights under this Public License
terminate automatically.
b. Where Your right to use the Licensed Material has terminated under Section 6(a), it reinstates:
1. automatically as of the date the violation is cured, provided it is cured within 30 days of Your
discovery of the violation; or
2. upon express reinstatement by the Licensor.
For the avoidance of doubt, this Section 6(b) does not affect any right the Licensor may have to
seek remedies for Your violations of this Public License.
c. For the avoidance of doubt, the Licensor may also offer the Licensed Material under separate
terms or conditions or stop distributing the Licensed Material at any time; however, doing so will not
terminate this Public License.
d. Sections 1, 5, 6, 7, and 8 survive termination of this Public License.
Section 7 – Other Terms and Conditions.
a. The Licensor shall not be bound by any additional or different terms or conditions communicated
by You unless expressly agreed.
b. Any arrangements, understandings, or agreements regarding the Licensed Material not stated
herein are separate from and independent of the terms and conditions of this Public License.
Section 8 – Interpretation.
a. For the avoidance of doubt, this Public License does not, and shall not be interpreted to, reduce,
limit, restrict, or impose conditions on any use of the Licensed Material that could lawfully be made
without permission under this Public License.
b. To the extent possible, if any provision of this Public License is deemed unenforceable, it shall be
automatically reformed to the minimum extent necessary to make it enforceable. If the provision
cannot be reformed, it shall be severed from this Public License without affecting the enforceability
of the remaining terms and conditions.
c. No term or condition of this Public License will be waived and no failure to comply consented to
unless expressly agreed to by the Licensor.
d. Nothing in this Public License constitutes or may be interpreted as a limitation upon, or waiver of,
any privileges and immunities that apply to the Licensor or You, including from the legal processes
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of any jurisdiction or authority.
Creative Commons is not a party to its public licenses. Notwithstanding, Creative Commons may elect
to apply one of its public licenses to material it publishes and in those instances will be considered the
“Licensor.” The text of the Creative Commons public licenses is dedicated to the public domain under
the CC0 Public Domain Dedication. Except for the limited purpose of indicating that material is shared
under a Creative Commons public license or as otherwise permitted by the Creative Commons policies
published at creativecommons.org/policies, Creative Commons does not authorize the use of the
trademark “Creative Commons” or any other trademark or logo of Creative Commons without its prior
written consent including, without limitation, in connection with any unauthorized modifications to any of
its public licenses or any other arrangements, understandings, or agreements concerning use of
licensed material. For the avoidance of doubt, this paragraph does not form part of the public licenses. 
Creative Commons may be contacted at creativecommons.org.
Additional languages available: Bahasa Indonesia, Deutsch, français, hrvatski, italiano, Nederlands,
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